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CHAPTER I 

INTRODUCTION: WIDE BAND-GAP 11-VI COMPOUNDS 

Wide band-gap II-VI compounds such as Z n-cha l cogenides and Cd

cha l coge nides ar e excellent luminesce nt m ateria l s in the visible to 

ultraviolet spect rum region. 1 ' 2 These I I-VI compounds have wide direct 

band-gaps ranging from 1.52 eV (CdTe) in infrared to 3.54 eV (ZnS) in 

ultraviolet, and their ternary2 an d quaternary a lloys3 ca n cover all the 

range of th e visible to ultraviolet s pec trum. The spectral region, short 

wavelength in pa rticular, is diffi c ult to be achieved by III-VI compounds 

as shown in Fig. 1.1. Therefor e, these II-VI compounds are th e most 

promising materials for light emitters in thi s spectrum region. 4 ZnSe has 

been studied most intensively among II-VI compounds5: I) it has wide band

gap o f 2. 7 eV a t room temp er at ure which draws interests in possible 

app li cat ion for e fficient light-emitti ng diodes (LEOs) and l ase r diodes 

(LOs) in blue region;6 2) large third-order nonlinear susceptibility 

observ ed in exciton phenomena 7 will be used for the r ea lization o f 

nonlinea r optical devices. ZnSe material param eters are shown in Tabl e 1.1 

together with the ratios of materi a l parameters of ZnSe and GaAs to 

co mpare 11 -V I and 111 -V compounds. 

Si, Ge and lli-V compounds have the ability to control elec tron and 

hole concen tra tion s by se l ec ti ve inco rpo r ation of donors and acceptors. 

Wide band-gap II -V I c ompou nds have, however, difficulty in ach ieving 

amphoter ic doping. In genera l, there is a tendency that the t e llurides are 

readi l y doped p-type, whereas the se len ides and the sulphides are doped 
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n-type. There are two different exp l anations for the difficulties in 

amphoteric dopi ng. Aven, 2 1 Neumark22 and Igagi 23 have in sisted that the 

residual impurities in II -VI compounds are the main reason. However, 

Mandel24 and Krl\ger 25 have c l a im ed so-called sel f -compensat ion e ff ect, 

because wide band-gap readil y introduces vacancies in crystal to 

compensate carr iers caused by doping. Vacancies are eas il y ge nerat ed 

during crystal growth since II-VI compounds have large ionicity re lative 

to lll-V compounds. 
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FIG. I. I. Energy gaps and lattice constants of representative 

semiconductors of group VI, III-V and II-VI compounds. 

Symbol (*) indicates indirect band-gap semiconductors. 
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TABLE 1.1. Properties of ZnSe 

Parameter 

Crystal structure 

Lattice parameter (A) 

Energy gap Eg (eV) 

tonicity 

Melting point (°C) 

Density p (g/cm -3) 

Electron effective mass 

Hole effective mass 

Value 

Zinc blende 

5.6693 (bulk, 300K) 

2. 715 (bulk, 300K) 

0.630 

1250 

5.266 

0.16m
0 

0.70m
0 

High-frequency dielectric constant 

Static dielectric constant 

Eoo 

"s 

5.!>co 

9.14<
0 

Exciton binding energy (meV) 21 

Optical phonon energy 'llwLO (meV) 31.7 

Optic al phonon Debye temperature gd (K) = 'llw LO/k 

368 

Piezoelectric coefficient e 14 (esu/cm 2) 1.47xi04 

Conduction band acoustic deformation potential EAC (eV) 

4.2 

Valence band acoustic deformation potential EAC (eV) 

4.0 

Longitudinal velocity of sound vs (cm/s) 4.44xl05 
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Understanding of physical properties of II-VI compounds is necessary 

to achieve amphoteric doping. Photoluminescence (PL) measurement is one 

of the most powerful methods to obtain physical information from high

resistivity impurity-doped II -V I compounds. PL measurement with high 

resolution is possible at low temperature due to the smal l thermal 

disturbance. Excitons are created under these circumstances. When the 

exciton is in the vicinity of an impurity, the total energy of the system 

is reduced. Therefore it is energetically favorable for the exciton remain 

near the impurity; the exciton becomes "bound" to the impurity. Increase 

in binding energy of an exciton depends on a species of the impurity. 

Bhargava26 and Dean et al. 2? have shown donor ionization energ i es in 

ZnSe through the investigation of bound exciton emiss ions as shown in 

Table 1.2. The ioni za tion energy is most ly determined by dielectric 

constan t and electron e ff ective mass of ZnSe, and th e dependence on 

donor species is very weak. In case of acceptors, the ionization energy 

depends on the species of impurities as summarized in Table 1.3. Acceptors 

have, as a rule, large ionization energy relative to donors due to the 

heavier effective mass of a hole. PL measurement provides detailed 

information about impurity levels understanding of which will greatly 

contribute to realize to amphoteric doping of II-VI compounds. 

GaAs has been widely used as substrate for ZnSe epitax ial 

growth 34 because of smal l lattice mismatch. Although a singl e em ission 

peak of excitons bound to donors or acceptors was observed for singl e 

cr ystal of ZnSe, 35 heteroepitaxial layers of ZnSe on GaAs show ed two 

bound excitonic emission lines with which were related to donors3 6 and 

acceptor s3 7. Crystallographic difference between homoepitaxy and 

heteroepitaxy arises from lattice mismatch and differential thermal 

contraction. Even the small lattice mismatch influences the early stage of 

ZnSe epitaxial growth. Mitsuhashi et al. 38 have shown that a thin ZnSe 

- 4 -

TABLE 1.2.1on ization energies for various donor impurities in ZnSe. 

Donor Ionization energt (meV) References 

B 25.6 26 

AI 25.6 27 

Ga 27.2 27 

In 28.2 27 

F 28.8 27 

Cl 26.2 26 

Hydrogen model 28.8 28 

TABLE 1. 3. Ionization energies for various acceptor impurities in ZnSe. 

Acce2tor Ioni zation energy (meV) References 

Li 114 29 

Na 102 30 

Cu 650 31 

Ag 430 26 

Au 550 26 

N Ill 32 

p 84 33 

As 110 26 

Htdrogen model 108 26 
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layer is coherently grown on a GaAs substrate with tetragonal distortion. 

Yao et a\. 39 have pointed out that difference in thermal contraction 

causes large biaxial tensile strain in thick ZnSe layers on coo ling be l ow 

the growth temperature. Pikus et a1.40 have derived a general expression 

of the orbital-strain Hamiltonian of Si and Ge under uniaxial strain. Asai 

et ai. 41 have estimated the valence band split of 111-V compound biaxially 

strained by lattice mismatch from the Pikus' theory. In the case of 11 -

VI/IIl-V heteroepitaxy, calculation of biaxial strain at low temperature 

(same as that of PL measurements) is necessary to investigate the effect 

of biaxial strain on PL properties. There is, however, no measurement or 

theoretical calculation of low-temperature lattice parameters of biaxially 

strained ZnSe heteroepitaxial l ayers. 

In low-temperature PL measurements, high-purity, n- and p-type 

ZnSe layers exhibit intense free exciton em i ssion {Ex), neutral dono r

bound exciton emission (1 2 ) and neutral acceptor-bound exciton emission 

(1 1 ), respectively . Relatively pure ZnSe layers have been grown by 

molecular beam epitaxy (MBE) 42 and metal-organic chemical vapor 

deposition (MOCVD) 43 using ultra-high-purity source materials. Undoped 

ZnSe layers show high resistivity (> 104 Ocm at 300 K), indicating residual 

donor concentration is very l ow. The intensity of 12 emission increases 

with the increase in donor concentrat ion . 44 Heavily-doped n-type Z nSe 

wil l have many ionized donors and free electrons which cause Stark and 

screening effects on exc itons. 45 •46 The effects have been observed for 

samples with high carrier concentrat i on greater than the critical 

concentration for Mott transition 47 (NM). Doping with group III elements 

can yie ld n-type ZnSe. 48 - 5° Free electron concentrat i ons of Ga-doped49 

and Al-doped 50 ZnSe were limited to th e mid 10 17 cm- 3• Since the 

concentration of t he Matt transition for ZnSe i s NM = 5.6x Jo 17 cm-3 (see 

Sec. 5.2), the properties and behavior of excitons in degenerated ZnSe are 

- 6 -

left to be examined as a subject of our interest. 

Group I and V elements act as acceptors in ZnSe. The ionization 

energy becomes larger for heavier hole effective mass. The small est 

ionization energy is obtained for phosphorus at 84 meV. Even this value 

is greater than the thermal energy at room temperature kT = 26 meV, 

which implies small thermal activation of acceptors even at room 

temperature. This would be a severe p r oblem in achieving low-resistivity 

p-type ZnSe. Another problem of phosphorus doping is the creation of 

deep levels which is observed in PL measurement. 51 Phosphorus doping was 

not rea li zed p-type conduction. Several doping techniques have r ealized 

p-type ZnSe. l8, 52- 56 Nishi zawa et a!. 53 have reported on Li-doped p-type 

ZnSe bulk grown by the temperature difference method under contro ll ed 

vapor pressure in 1985. P-type conduct ion was confirmed for Li-doped ZnSe 

films grown by MB£57 and MOCVD58• Free hole concentrat ion was, however, 

limited to the o rder of 10 15 cm-3• Haase et a!. 59 and Sasaki et a!. 60 have 

shown that the Li ato m s in ZnSe are very diffusive during growth. 

Diffusion of dopants causes difficulty in forming p-n junctions. Zhu et 

a1. 61 have first reported on successfu l suppression of Li diffusion by 

delta-doping technique in MBE g r owth. Further study will be needed to 

obtain low-resistivity Li-doped p-type ZnSe. As Stut ius62 has pointed out, 

nitrogen (N) i s t he most promising e l e ment as a p-type dopant in ZnSe 

because the diffusion of N i s expected to be small and may not form deep 

levels. Park et al. 63 r epor ted the f or m ation of sha ll ow acceptors in N

doped ZnSe grown by MBE under lar ge N2/NH3 overpressures. Observation 

of p-type conduct i on has not been achieved part l y due to low sticking 

coefficients of N2 and NH3 molecules. Mitsuyu et a1.43 have pointed out 

that the increase in st i ck ing coefficient i s necessary for providing a 

sufficient doping of nitrogen. 

There st ill remains som e impo r tant i ssues to be r esolved. PL 
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properties of ZnSe, the effect of biaxial strain on bound exciton emission 

in particular, are not well understood. Screening and Stark effects in 

ZnSe has not been observed so far since degenerated ZnSe have not been 

obtained. Electr ical properties of ZnSe are not satisfactorily contro llable: 

I) free electron concentration of n-type ZnSe is limited to the orde r of 

10 17 cm-3; 2) incorporation of N into ZnSe is too little to obtain p-type 

conduction . If amphoteric doping into ZnSe is achieved, it will provide 

blue light-emitters and a new concept of doping for other wide band-gap 

II -VI compounds. 

PL and electrical properties of low-resistivity p-type and n-type 

ZnSe will be clarified in this thesis. High-quality ZnSe epitaxial layers 

and successful amphoteri c doping are crucial for the understanding of 

these properties. Details of the preparation technique a re described in 

Chapter 2. ZnSe homoepitaxial layers obtained were strain-fr ee and had 

good crystallinity. 64 - 66 Degenerated n-type ZnSe has been grown by Cl 

doping. 66 •67 Low-resistivity p-type ZnSe was accompl ished by ac tive 

nitrogen doping. 18•66•68-72 Chapter 3 shows characterization of doped ZnSe. 

PL properties of doped ZnSe heteroepitaxial layers are discussed in 

chapter 4. The chapter will present the effect of biaxial strain on bound 

exciton luminescence . 37 ,66 ' 73 Electron tran sport phenomena in Cl-doped 

ZnSe are described in chapter 5. This chapter also discusses optical 

properties of fully degenerated n-type ZnSe. Chapter will present 

relationships between electrical and optical properties of N-doped p-type 

ZnSe. 18 •66 •68 - 70 Chapter 7 concludes the thesis by summ ariz ing PL and 

electrical properties of impurity-doped ZnSe layers. 

From the point of view of a device, Cl and active-nitrogen doping 

are new practical techniques to obtain low-resistivity n- and p-type ZnSe 

layers. Dry etching is also a nove l treatment of ZnSe substrates for 

homoepitaxy which gives ZnSe epitaxial layers with good crystallinity. Not 

- 8-

on ly these novel techniques give new scientific information of ZnSe, but 

the techniques will make it possible to fabricate LEOs and LOs by using 

wide band-gap II-VI compounds. Fabrication of blue LEOs and it s 

characteristics are described in append ix. These are the first blue LEOs 

with good optical and electrical properties. 
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CHAPTER 2 

PREPARATION Of ZnSe LAYERS BY MOLECULAR BEAM EPITAXY 

2.1. Introduction 

II-VI compounds epilayers have been grown by means of sputtering, 1 

liqu i d phase epitaxy (LPE), 2 vapor phase epitaxy (VPE), 3 molecular beam 

epitaxy (MBE)4 and metal-organic chemical vapor deposition (MOCVD) 5 (the 

expression MOVPE [m etal-or ganic vapor phase ep i taxy] is often used 

synonymously and sometimes preferred to emphasize the epitaxial growth). 

These are very pr omising techniques fo r the preparation of high-quality 

thin films, which i s obv iously desirable from a device point of view. I n 

spite of high melting point of ZnSe 1250 °C, typical growth temperature of 

ZnSe by MBE6 and MOCVD 7 is as low as 280 - 370 oc. These techniques of 

MBE and MOCVD are characterized as low-temperature and nonequilibrium 

processes. Low-temperat ure growth techniques are expected to min im ize 

contamination and the self-compensation effects. 8 

The author has employed MBE process for the growth of ZnSe due 

to several reasons: 1) ul trahigh vacuum will prevent epitaxial layers from 

contaminat ion introduced by the growth chamber; 2) material properties can 

be cont rolled by the beam intensities of constituent elements and dopants; 

3) the lower growth temperature w ill prevent the format ion of vacancy; 4) 

the surface can be observed by reflection high-ener gy elect ron diffraction 

(R H EED) during the growth; and 5) an ep i tax i al layer i s su i table for 

device fabrication. MBE growth o f II -VI compounds was first reported by 
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Smith et al.9 in 1975. They had studied the surface morphology of II-VI 

compounds [ZnSe, ZnTe and Z n(SeTe)] layers on GaAs substrates. Yao et 

ai.IO have succeeded in the growth of ZnSe layers having good 

crystallinity w i t h smooth surface texture. Most of the work involving the 

MBE growth of ZnSe has employed GaAs as substrate material. GaAs is an 

attractive substrate material for several reasons: I) GaAs takes the zinc 

blende crystal structure; 2) GaAs has a relatively sma ll lattice mismatch 

with ZnSe (0.28 %); 3) GaAs i s readily available with high quali ty at a 

low cost ; and 4) surface preparat ion techniques for MBE are established . 

The crystallinity of heteroepitaxial ZnSe layers depends on the layer 

thickness but a FWHM i s limited to 95 arc s for the thick layers after 

lattice relaxation. Some attempts have been made to improve the quality 

of heteroepitaxial layers. Gunshor et at. 11 have grown ZnSe layer/GaAs 

layer on GaAs substrate, and they have shown that heterovalent interface 

state density is very low compared with the case w ith out GaAs epitaxia l 

layer. Kamata et al.l 2 and Matsumur a et a1. 13 reported on l attice matched 

ZnSxSel-x al loy on GaAs, and have showed better crystal lini ty was 

possible. The FWHM of ZnSe bulk single crystal could reach 15 arc s 14 

which cannot be easil y achieved by Z nSe heteroepitaxial layers on GaAs 

substrates. 

Homoepitaxy using the subs tr ates with hi gh crys t a llinit y has, 

therefore, the potential to provide stra in-free ZnSe layers with better 

crysta llinity . 15- 18 A major probl em in homoepitaxy i s the preparation o f 

the ZnSe substrate su rface. Th e damaged l ayer caused by polishing for 

the fab rication of ZnSe subst rates 19 shou ld be removed. However , surface 

smooth enough for epitaxial growth cannot be obtai ned by simple chemical 

etch ing due to Se residue ofte n observed after the etching. 18 It is ve r y 

difficult to remove the polishing dam age with smooth surface in chem ical 

etching. Clausen et a !. 20 have performed reactive ion etching of ZnSe 
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layer on GaAs to fabricate micro-sized structures. The dry etching wi ll be 

a promising technique to remove polishing damage for homoepitaxy. 

To achieve ampho teric doing of ZnSe, the first step is the growth of 

high-purity intrinsic ZnSe. The intrinsic semiconductor of ZnSe wi ll exhibit 

high res isti vity. As-grown ZnSe bulk exhibited high resistivity I> 106 Clem) 

not because of high purity but defects caused by so-ca lled self 

compensa ti on effect. 2 1 MBE and MOCVD ar e low-temperature growth 

techniques which are expected to suppre ss the self -compensation e ffect . 8 

Undoped ZnSe layers grown by these epitaxial growth techniques, however, 

exh ibit n-type co nduc ti on with carrier concentration o f 10 16 c m-3. Ga 

diffusion int o ZnSe epilayer from GaAs substrat e is one of the ca uses of 

extrinsic donor impurities. 22 However, Qui et al. 23 have shown that there 

is no Ga diffusion at growth temperature of conventiona l MBE: two 

monolayers of coherent zinc blende Ga2se 3 exists at ZnSe/GaAs 

heterointerface. Kobayashi 24 observed Ga diffusion at the temperature 

higher than 400 •c. Yoneda et a1. 25 indicated that undoped high

resis tivity ZnSe layers can be grown by MBE using high l y purified source 

materials. It wa s found that high-resistivity and high-quality intrinsic 

ZnSe was obtained using ultra-high purity source material s26 of Zn and 

Se for the MBE growth. Wakitani et a1.27 showed that donor impurity also 

came from the source gases in the case of MOCVD. These results suggest 

that intrinsic ZnSe with high re sistivity is po ss ible by usi ng ultra- high 

purity source materials both in MBE and in MOCVD. 

Incorporation of group Ill e lements produce s sha ll ow donors. 

Stutius28 reported on Al-doped n-type ZnSe grown by MOCVD. Kitagawa et 

a\. 29 reported in \980 th at Ga-doped ZnSe grown by MBE had resistivity of 

0.07 Clem. Indium doping into ZnSe was also attempted,30,3\ but they did 

not reported n-type conduct ion. Elec tron concentration in both AI and Ga 

doping cases has been limited in th e order of 10 17 cm-3. Heav i e r doping 

- \6 -

has resulted in decrease of carrie r concentration together with quenching 

of band-edge photoluminescence (PL) emi ssion. 32 Considering these previous 

works, ultimate carrier concentration by the doping with group Ill elements 

may be the order of 10 17 cm-3. Thus group VII elements are very 

attractive as a new n-type dopant. Group VII elements, however, have not 

been investigated as donors. 

Group 1 elements such as Li and Na produce shallow acceptor s in 

ZnSe when they substitutionally replace Zn lattice sites, and Group V 

elements on the Se lattice si tes also act as shallow acceptor. In 1971, 

Park et a\ . 33 reported on p-type conduction in Li-doped ZnSe c r ysta l 

grown both from 

concen tr a ti on was 

the va por pha se and from the melt. It s car ri er 

as low as 109 c m- 3 , and resistivity was 108 Oc m. 

Nishizawa et al. 34 showed that carrier concentration of Li-doped ZnSe 

single crystal could reach the order of 10 15 cm-3• Unfortunately, Li 

impurities in ZnSe are very diffusive a t the growth temp era tur es. 35 It is 

very difficult to dope Li atoms in the intended region such as a p-n 

junc tion. Na is a shallow acceptor with the ionization energy o f 102 

meV. 36 Neutral acceptor-bound exciton emission (1 1) was observed for Na

doped Z nSe in low-temperature PL measurement, 36 •37 indicating that Na 

atoms act as sha llow acceptors in ZnSe. However, p-type conduction was 

not reported in literature. Phosphorus has the smallest acceptor-ionization 

energy of 84 meV which is the advantage of higher activation in ZnSe. 

Yao et a\. 38 and Ohkawa et a\. 39 attempted the growth of P-doped ZnSe 

by MBE, and P-doped ZnSe exhibited 11 emission at 2.7914 eV. MBE-grown 

P-doped ZnSe did not show dee p-leve l emission re lated to P acceptors. 

Deep-level e mission around 1.9 eV was, however, observed from P-doped 

ZnSe grown by a modified Bridgemann technique40 and MOCVD41 • Reinberg 

et al. 40 identified the or i gin of deep-leve l em iss ion as Pse center by 

using e lect ron paramagnetic resonance. Phosphorus is an att ractive 
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dopant for its small ionization energy, but p-type conduclion was not 

observed. Shibli et al. 42 incorporated As into MBE-grown ZnSe in the 

range of to 17-to 21 atoms/cm3 using Zn 3As 2 as the As source. As-doped 

ZnSe layers also did not exhibit p-type conduction. 

Recent reports show steady improvement of electrical characleristics 

of p-type ZnSe. In 1988, Yasuda et at. 43 reported on p-type ZnSe with the 

highest carrier concentration of 9xlo 17 cm-3 , the p-type ZnSe layers on 

GaAs were grown by MOCVD using Li3N as a dopant of Li and N acceptors. 

Suemune et a1.44 measured hole concentrations around 7xlo 15 cm-3 in N-

doped (using NH 3) lattice-matched Zns 0. 06se0. 94;GaAs epitaxial layers 

grown by MOCVD. jin et at. 45 have reported the p-type conduction in 

bulk ZnSe by nitrogen ion implantation followed by rapid thermal 

annealing. These recent reports of p-type conduction were achieved by 

using nitrogen as an acceptor. Stutius46 has pointed out that nitrogen is 

the most promising element for p-type dopant of ZnSe. Doping of N in MBE 

process is very difficult because of the low-sticking coefficient of N2 and 

NH 3 molecules. Park et at. 47 reported the MBE growth of N-doped ZnSe 

under N 2 overpressure of about to-4 Torr. Their ZnSe layers exhibited 

strong donor-acceptor pair emission (OAP) at low-temperature PL 

measurement, but p-type conduction was not observed. This result 

indicates that N 2 molecules at the ground state are dissociated into N 

atoms on the ZnSe surface and are incorporated as shallow acceptors, but 

it is difficult to provide sufficient amount of N atoms as dopant due to 

low-sticking coefficient of N 2• Further study to enhance sticking 

coefficient of nitrogen is important. 

The main purposes of the works presented in this chapter are: 1) 

preparation of high-quality ZnSe layers both in heteroepitaxy and in 

homoepitaxy;48- 51 2) growth of low-resistivity n-type ZnSe having carrier 

concentration higher than I 0 17 em - 3; 51 •52 and 3) MBE growth of p-type 
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ZnSe. 51,53-58 

2.2. Molecular-beam epitaxial growth of ZnSe 

2.2.1. Heteroepitaxy on GaAs substrates48, 52 

MBE system used in this study is shown in Fig. 2.l. The system is a 

convenlional (but not commercial) one, consisting of a cryo-pump, a 

liquid-N2 shroud, RHEED and a quadrapole mass spectrometer (QMS). The 

background pressure was about to- 10 Torr. The fluxes of the elements 

were measured by a quartz oscillator placed in the position of the 

substrate. This system has several ports for Knudsen cells (K-cells). 

Unintended impurities 27 (such as the halogenides) in source materia l is a 

severe problem for doping experiments. The K-cell is, therefore, specially 

designed for group II and VI elements to purify the source materials. The 

K-cells have a small orifice with 0.2-2 mm of diameter. Since the small 

orifice makes it possible to heat the sources to higher temperature 

compared with the conventional open-type cell, the halogenides have large 

vapor pressure in the K-cell. Vapor of impurities in source materials is 

exhausted by a vacuum pump during the early stage of heating. Same 

purification was also observed in a heat-pipe oven technique for the 

generation of Ca vapor; 59 impurities such as Na and chlorides have la rge 

vapor pressures and were exhausted by a pump. Using this purification by 

the K-cell and by high-purity source materials, the MBE growth of high

purity ZnSe layers have been attained. 26 

The GaAs substrates used were undoped semi-insulating wafers with 

(100) orientation. The substrate was first cleaned in trichlorethylene, 

acetone and methanol to remove organic contamination. The substrate was 
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then etc:1ed by 6 ~m in H2so4:H 20z:H 20 = 5: 1:1 so lution at 50 oc for 2 min 

to remove pol ishing damage resulting from cutting and polishing of wafers. 

Before grow th, the subst rate was thermally cleaned at 600 oc for 10 min 

under ultrah igh vacuum t o remove ox ide layer. Source mater ials used were 

elementa l Zn and Se both with a purity of "6N super" g r ade. Typical 

source t emperatures were 440 and 240 °C for Zn and Se, respect ively. At 

these temperatures, Zn beam consists of Zn a toms, and Se beam consists of 

polyatomic Se species (Se
11

; n = 2,5,6,7,8). Beam flux intensities of Zn and 

CRYO-PUMP 
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HEATING 
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RHEEO 

FIG. 2.1. Schematic of Molecular-beam epitaxy system. 

Se were about 1.5 and 3.0 Ats, respectively. The beam intensities in 

atom ic number were lzn = lse = lx10 15 atoms/(cm2s). The growth rate was 

kept at 2 A/s. Typical growth temperature (T gl during the growth was 

325 °C. 

Growth-temperature dependence of e lec trical and optical properties 

was investigated to optimize the growth temperature. Ga-doped ZnSe l ayer s 

on GaAs subst rates were grown by MBE with various growth temperatures. 

-20-

(Details o f the growth procedure of the Ga-doped ZnSe l ayers ar e 

described in Sec. 2.3.1) Every sample was grown with the same condition 

except T g· The T g dependence of PL and electrical properties is shown in 

Fig. 2.2. Hall mobility at r oom temperature (llRT) is almost constant for 

w ide T g range, but the highest Hall mobility at 77 K (~77 K) was obtained 

for the layer grown at around Tg = 300-325 °C. The carr ier concentration 
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FIG. 2.2. Growth-temperature dependence of PL and electrical 

properties of n-type Ga-doped ZnSe. 

(nRT) showed the maximum value at Tg = 325 oc. Band-edge emission 

(PLBE) at 2.68 eV (462 nm) ascribed to DF emission60 has its maximum 

intensity at around Tg 325 oc, and a broad deep- level emission 

(PLDEEP) at around 2.1 eV (590 nm) increases rapidly and surpasses the 

band-edge emission above 350 °C. Consequent l y the optimum growth 
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temperature may be ar ound 325 °C; this temperature y i e lds high Hall 

mobility with high carr ier concentration, and strong band-edge PL emission 

with we ll -suppressed deep-level PL em i ss ion . A possible exp l anat ion for 

these results is that an epitax i al layer grown at 325 oc has good 

crysta llinit y . Degraded crysta llinit y probably introduces deep l evels which 

may act as carrier-traps and sca ttering ce nte r s for free e l ect rons and 

may be the origins of deep-level PL emissions. 

Crystallinity of th e laye r s was eva lu ated by double-crystal x- ray 

diffraction measurements. Figure 2.3 shows full widths at half -maxim um 

(FW HMs) of rocking curves measured for ZnSe layers with a va ri ety of 

layer thicknesses. Since the lattice constant of bulk ZnSe i s l arger than 

300,-~---.--~-,---.--, 

• 200 
0 . 
" ~ 100 

ZnSe/ GaAs 

, 2 4 

LAYER THICKNESS (J.1m) 

FIG. 2.3. FWHMs of x-ray rocking curves for ZnSe layers 

plotted as a function of layer thickness. 

that of GaAs by 0.28 % at room temperature, the l attice of ZnSe epitax ial 

l ayer r e l axes with inc r eas ing layer thi c kn ess. It i s found that FWHM 

reaches 95 arc s a t th e l aye r thickness o f 4.9 J,Jm whose lattice is fully 

re laxed . This value is cons iderabl y small e r than 250 arc s of MOCVD

grown ZnSe I ayers. 1 2 
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2.2.2. Homoepitaxy49- 51 

A boule of ZnSe sin g le cr ysta l was sli ced para ll el to the (100) 

pl ane. The subs t rates were mechanically polished and degreased in 

trichlorethylene, acetone and met hano l. Since as-polished subst r ates have 

pol i shing damage ex tending to f ew microns in depth, 19 the ZnSe 

substrates were etched by 10 J.Jm in depth to remove the polishing damage. 

The dry etchin g was car ried out in an etching system with parallel 

elect rodes by introducing BC\ 3 (99.9999 %) as a reactive gas. The pressure 

was 60 mTorr at 1.1 W/cm 2 of radio-frequency (rf) power density. The ZnSe 

substrates were positioned on a quartz plate on t he cathode which was 

coo led by a flow of water. ZnSe reacts with BC\3 plasma, as follows 

Zn + Cl (2.1) 

Se + Cl (2.2) 

Both Zn an d Se are able to be etched by BC\ 3 plasma because zinc 

ch lorides and selenium ch lorides have large vapor pressure61 even at room 

temperature. Th e dry-etched substrates ex hibited mirror-like surface 

morphology even after 10-J,Jm etching. The Se re sidue often observed on 

chemically etched surface did not exist. 

Low - temp erature PL spectra from as-polished and dry-etched ZnSe 

substrates are show in Fig. 2.4. Dry etching caused drastic changes in PL 

spec trum: 1) int ensity of DAP emission from dry-etched substrate i s one 

order of magnitude larger than that from as-po lished substrate; 2) exciton 

emissions such as Ex at 2.804 eV (442.2 nm), 12 at 2. 798 eV (443.1 nm) and 

II at 2. 793 eV (443.9 nm) clear l y appear and peak intensiti es of th ose 

emissions are two order of magnitude larger. The po li shing damage would 
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have many nonradiative centers that is supposed to act as deep levels. 

Thus, these changes in the PL properties show that the polishing damage 

is eliminated by dry etching. FWHM of a (400) rocking curve for the as

polished substrate was about 40 arc s, and it decreased to 20 arc s arte r 

the dry etching. This remarkable improvement is consistent with the 

change in the PL spectra. 
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FIG. 2.4. Il-K PL spectra obtained from (a) as-polished 

ZnSe substrate and (b) I OiJm etched ZnSe substrate. 

Although dry etching eliminates polishing damage, it creates plasma 

damage on a subsurface of the substrates. 62 The plasma damage probably 

consists of ion-induced lattice damage and a residual chloride layer. Dry

etched substrates, furthermore, need a subsequent thermal etching process. 

Typical thermal e tching condition adopted was 600 'C for 10 min. Plasma 
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FIG. 2.5. X-ray topograph of (224) di ffract ion and x-ray 

rocking curve of the (400) diffraction obtained from an 

undoped ZnSe homoepitaxial layer with 3.8 J,Jm thickness. 
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damage would be decomposed at this temperature. Details of cond itions of 

dry etching and thermal etch ing will be described in Appendix A. 

Crystallinity of homoepitaxial layers was eval uated by means of x

ray topograph and double-crystal x-ray diffraction as shown in Fig . 2. 5. 

Overall x-ray topograph of the (224) diffraction shows the homoepitaxial 

layer to be uniform, i.e., there is no strain and no grain boundary such 

as a twinning. A FWHM of the homoepitaxial layer is as narrow as 2 I arc 

s. This value is the narrowest FWHM ever obtained for ZnSe epitaxial 

layers prepared by MBE and MOCVD. The homoepitaxy using our treatment 

provides II-VI compounds epitaxial layers with almost the same crystalline 

quality as 11\-V compounds epitaxial layers. 

2.3. Doping of ZnSe 

2.3.1. Gallium doping48,63 

GaAs substrates used were undoped, semi-insulating and ( 100) 

oriented. Ga-doped ZnSe layers were grown by MBE with Zn, Se and Ga 

beams. The beam flux ratio of Zn to Se was approximately JzniJse = I. 

The growth temperature was kept at 325 ac. The growth rate was about 

A/s. Ga doping level was contro ll ed by the temperature of the K-eel\ 

con taining elemental Ga (pur it y 99.9999 %) . Electron concentrat ion 

obtained was less than 6x10 17 cm-3• The Ga-doped ZnSe layers used for 

PL measurement had carrier concentration less than I x I 0 17 em -3, and layer 

thicknesses were in the range 0.5-5 11m. Ga-doped ZnSe layers with carrier 

concentration higher than this level show strong deep-level em i ss ion. Ga

doped ZnSe layers with this dop ing level is suitable for the investigation 

of band-edge PL emission since low-temperature PL spectrum is dominated 
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by neutral donor-bound exciton emission (lx), and deep-level emission is 

negligible. 

2.3.2. Chlorine doping52 

The MBE growth was performed on semi-insulating (100) GaAs or (\00) 

ZnSe substrates. The purity of ZnCI2 powder used for the chlorine doping 

was 99.999 %. The beam flux ratio in number of atoms of Zn to Se was 

kept at unity. The doping level of Cl was controlled by temperature of 

the K-eel\ containing ZnC12• ZnCI 2 cel l temperature IT C\) was varied from 

\50 to 250 oc. Estimated pressure of ZnCI2 in the K-eel\ varies from 10-6 

to 10-3 Torr .6 4 In most cases, the layer thickness was fixed to about 2 

11m in order to eliminate the influence of the difference in biaxial strain 

on exciton luminescence which will be discussed in Chapter 4. 

Electrical properties of Cl-doped layers were measured at 

temperature ranging from 77 to 333 K by means of Hall measurement (see 

Sec. 3.3). Figure 2.6 shows carrier concentration, Hall mobility and 

resistivity at 300 K plotted as functions of T C\' Undoped layers exhibited 

high resistivity above a limit of the measurement (104 Ocm). It was found 

that the carrier concentration can be cont rolled in a wide range by ZnCI2 

cel l temperature. The carrier concentration increases with Tc
1 

and 

cor responds with the feature of ZnC1 2 vapor pressure shown in Fig. 2. 6 

with a broken line. In comparison with Al-doped 28 or Ga-doped32 ZnSe 

layers previously reported, Cl-doping has greatly improved the carr ier 

concentration and the resistivity of the ZnSe layer: 2.2x10 19 cm-3 and 

1.4x I0-
3 

Ocm at T Cl = 250 °C, respectively. In a heavy doping region 

around T Cl = 250 °C, the carrier concentration i s somewhat lower than a 

va lue expected from the ZnC1 2 vapor pressure line. This indicates that 
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some of the incorporated Cl atoms do not act as donors, but presumab ly 

form complex centers. Hall mobility lends to decrease with increasing 

the dop i ng level owing to impuri ty scatter ing, but sti ll a t large value of 

200 cm 2/(Vs) at high doping level. 
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FIG. 2.6. Elect rical proper ty o f Cl -doped ZnSe layers at 300 K as 

functions of ZnC1 2 cell temperature. The dashed line represents 

the vapor pressure of the ZnC1 2. 

The Cl-doped ZnSe layers exhibited mirrorlike surface morphology 

for the unaided eye even in the heaviest doping level. Figure 2. 7 shows a 

Nomarski microphotograph (the surface roughness is emphasized in the 

photograph) of a Ci-doped ZnSe layer with n
300

K 5.2x!o l 7 cm-3. The 

photograph shows that the surface is slightly wavy, but similar 

morphology is observed for undoped layers. 

FIG. 2. 7. Nomarski microphotograph of surface of a 

Cl-doped ZnSe layer with n300K = 5.2xl017 cm-3. 

The crystallinity of the doped layers was examined by double

crystal x-ray diffraction. The lattice parameters perpendicular to the 

surface (a,) and FWHMs of (400) x- r ay rocking curves from Cl-doped 

layers with various doping levels are plotted in F ig. 2.8, as a function of 

carrier concentration. Influence of doping was scarcely observed for n
300

K 

< 10
17 

cm-
3

. However, in the heavier doping region n
300

K > 10 ! 8 cm-3, 

there is a tendency for both lattice parameter and FWHM to increase. 

Such behavior i s also observed for Ga-doped MBE ZnSe. 32 It i s assumed 

that an excess incorporation of C l atoms resu lts in a for mation of lattice 
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FIG. 2.8. Lattice parameter a 1 and FWHM of x-ray rocking curve 

for ZnSe layers with 2-i..lm thickness plotted as a function of 

carr ier concentr ation. 

defects involving vacancies and their comp l exes which cause the lattice 

dilatation and diso rder. 

Diffusion of dopants is significant for charac terist ics and long-term 

stability of junction devices. The diffusion of Cl atoms during growth was 

eva luated by a secondary ion-mass-spectroscopy (S IMS) ana l ys i s. The 

samp le analyzed by SIMS has a multilayer struct ure , i. e., undopcd Z nSe 

(0.6 ~m)/n-ZnSe (T Cl = 200 •c, 0.6 ~m)/n+ -ZnSe (T Cl = 250 •c, 0.6 ~m)/GaAs 

substrate. Figure 2.9 shows the in-depth profiles of C l, As and ZnSe. The 

signals of As and ZnSe indicate the GaAs substrate r egion an d the ZnSe 

layer region, respectively . A st ep li ke profile of the C l concentration was 

clea rl y observed wh i ch coincides well with the struc ture of the sa mple. 

Diffu sion length i s defined by ab ru pt ness that is defined as a di stance 

where the intensity var ies from 84 % to t 6 % of i ts maximum. Although the 

abruptness of Cl is as sm al l as 370 A, the value includes a considerable 

er ror by knoc k-on and a mixing effect caused by collision of the 

energet ic Cs+ primary ions with 14.5 keV. The real diffusion of C l atoms 

in ZnSe during the MBE growth will be considerab ly smaller than 370 A. 
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FIG. 2.9. In-depth profile of Cl, A s and ZnSe signa ls in SIMS. 

It i s found that the rat io of th e Cl concentrat i on in the n+ l aye r 

t o that in the n laye r i s about 30 in F i g. 2.9 . On the other hand, the 

ratio in carri er concen tration should be 18 according to the results shown 

in Fig . 2.6. This result i ndi ca tes that a considerabl e amount of Cl at oms 

in the heavily doped layer i s inactive. The implication o f this fact agr ees 
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well with the results in electrical and crystallographic properties of 

heavily-doped layers. 

2.3.3. Nitrogen doping with a high-purity Nz ion beam 53 

Low-energy nitrogen ion doping has been attempted for the first 

time26,53 because sticking coefficient of nitrogen on ZnSe is very low. The 

ion gun system used has a mass separator to generate a high-purity N2 

molecular-ion beam. Typical kinetic energy of an ion was 300 eV, and 

typical ion current density at the substrate was less than 0.5 nA/cm2 [= 

6x I 09 atoms/(cm 2s)J. GaAs substrates were simultaneously irradiated with 

Zn, Se and N2 beams. The beam flux ratio of Zn to Se was approximate ly 

lznl Jse 

kept at 

I. The growth temperature was 325 °C. The growth rate was 

A/s . The layer thicknesses are in the range of 0. 05-5 ~m . N 

concentrat ion calculated from the ion current and the growth rate is 

about 10
17 

cm-3 or less. Since the high-purity ion beam made it possible 

to suppress unintended donor incorporation, N-doped ZnSe layers obtained 

have shown strong 11 emission with well-suppressed 12 and DAP emissions 

(see Fig. 4.1 (b)) in l ow-tempe r ature PL measurement. However, p-type 

conduction was not observed for these N-doped ZnSe layers because 

crystallinity of these layers was degraded by ion damage under heavy 

doping cond iti on attempting to r ea liz e p-type conduction. N-doped ZnSe 

layers with low doping level < to 17 cm-3 exh ibit as good c r ysta llinit y as 

undoped layers . Since the lightly-doped ZnSe l ayers show exce ll ent PL 

spectra that are dominated by 11 emission, the layers are suitable for the 

investigation of band-edge PL emission. 

2.3.4 Active-nitrogen doping with a N2 (A~) metastable beam 51,54-58 

Based on the results of the previous section, we have attempted, for 

the first time, a new doping method using active-nitrogen beam during the 

MBE growth. 54 The kinetic energy of an active nitrogen is the order of 

thermal energy. Low-damage doping was, therefore, expected with this 

method compared with the ion doping. 

The active-nitrogen beam source is mounted on the MBE chamber. 

The beam is generated from an electrical discharge created by 

inductively-coupled rf excitation at 13.56 MHz by using N2 and NH
3 

gases 

as nitrogen source. 

Optical em ission spectra obtained from N2 and NH 3 plasma are shown 

in Fig. 2.1 0. Every peak of the spectrum from N2 plasma has been 

assigned as the second (C:lnu B:Jng) and the first (B:Jng __ , A 3E~) 
positive emiss ion bands of a N 2 molecule. These excited states of a N

2 

molecule are shown in Fig. 2.11. Any radiative transition of a N atom65 

was not detected. The N2 ionic radiative transition (B2~ -- > x2.E~ at 

39 1 nm)28 was not observed except for the low-pressure discharge. Even if 

N2 molecular ions exist , the ions could not go out from the aperture due 

to the plasma sheath . Strong H atomic lines (the Balmer ser i es Ha•S•y) 

were observed in the spectrum of NH3 plasma. Other em i ssion peaks shown 

in Fig. 2.10 (b) are assigned as the first and second positive em iss i on 

bands of a N 2 molecule. Nitrogen-related emissions in both cases ar e N
2 

molecular transitions (C~ B:Jng --> A3E~). Considering the life 

times of each sta t e in Table 2.1, ac tive nitrogens which can reach the 

substrate are only N2 (A~) metastables. Nitrogen species responsible for 

doping are presumably active nitrogen of N2 (A3~) metastable. Sticking 

coefficient of unexcited N 2 (X 1E~) is low, but that of the active nitrogen 

is high. Thus, nitrogen concentration of the ZnSe layers grown by active-
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nitrogen doping has reached lxlo 19 cm-3. 

The vibrational temperature of N2 molecules at the C~ state was 

evaluated to be about 4500 K from the second positive emission bands of 

the spectrum in Fig. 2.10 (a). Its rotational temperature can be est imated 

from classical equipartion of e nergy to be the same value as kinetic 

energy. The kinetic energy equa ls to the temperature of the rf discharge 

cell around 1100 K, as the pressure in the cell would be greater than I 

mTorr. Thus the active nitrogen has the total thermal ene r gy (kinetic, 

rotational and vibrational ene rgi es) of about 0.6 eV. The total kinetic 
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FIG. 2.10. Optical emission spectra from (a) N2 plasma and 

(b) NH3 plasma in an act ive-nitrogen beam source. 
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FIG. 2.11 . Potential energy curves for N2 and N2 +. 

TABLE 2.1. Life times of spontaneous emission for 

active-nitrogen molecules. 

State of N2 molecule Life time References 

A~ 2 . 0 s 29 

B~ 1.3 ~s 29 

~ 40 ns 30 
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energy is fairly low compared with the ion energy of about 300 eV in the 

ion doping, indicating that active-nitrogen doping is a low-da mage doping 

process. 

Figure 2. 12 (a) shows typical PL spectrum from an undoped ZnSe 

heteroepitaxial layer on GaAs subs trate at 12 K. It is found that the 

=i ., 
>-
t:: 
CIJ 
z 
w E 
1-
~ 
...J 
a. 

440 

ZnSe/GaAs 

12 K 

I 
11 

X 

450 

DAP 

500 550 

WAVELENGTH (nm) 

(c) Active nitrogen beam 

600 

FIG. 2.12. 12-K PL spectra from (a) undoped ZnSe, (b) lightly N-

doped ZnSe grown by irradiation of N2 beam without rf discharge 

and (c) p-type ZnSe:N grown by active-nitrogen doping. 

undoped ZnSe layer exhibits a dominant Ex emission at 2. 801 eV, well

suppressed 12 emissions at 2. 798 and 2. 796 eV, and so-called Y emission at 

2.602 eV which is supposed to be related to dislocations66 - 68 , indicating 

that high-quality sing le-crystal layers with low donor and acceptor 

densities have been obtained. A lightly N-doped ZnSe layer on GaAs was 
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grown by irradiation of the N2 gas beam without rf discharge during MBE 

growth. The flow rate of N2 gas was 2.0 seem, so the background pressure 

of the MBE chamber was about 2x!o-5 Torr. The PL spectrum from the 

sample is shown in Fig. 2.12 (b). The PL spectrum is almost the same as 

that of the undoped ZnSe shown in Fig. 2.12 (a) except for weak 1
1 

emissions at 2. 792 and 2. 790 eV, radiative recombination of a free electron 

and an acceptor hole (FA) at 2.711 eV and DAP emission at 2.696 eV. This 

result indicates that the sticking coefficient of N2 molecule at X 1 1:~ 

ground state is very low. The same N2 source creates active nitrogen 

beam when the rf power (100 W) is on with the same N 2 flow. Drastic 

change in PL spectrum was obse r ved for the N-doped ZnSe layers grown 

by using the active nitrogen beam as shown in Fig . 2.12 (c): strong DAP 

emission at 2.68 1 eV and weak (0.1 % of the intensity of DAP emission ) 1
1 

em ission were observed, and deep-level emission was not observed . This 

strong DAP emission indicates that the active nitrogen of a N
2 

{A3I:~) 

metastable have higher stick ing coefficient compared with N
2 

at the 

ground state, and the active nitrogen is doped into ZnSe as shallow 

acceptors. Further study is needed for the understanding of the 

mechanism of the dissociation of a N2 {A 3I:~) metastable into N atomic 

acceptors in ZnSe . In the case of NH3 gas for active-nitrogen doping, 

features of the PL spectrum are almost the same as that for N
2 

gas 

except for deep-level emission around 2.15 eV (580 nm). Hydrogen would be 

responsible for the deep levels. N 2 gas is probably super i o r to NH
3 

gas 

as a source of active nitrogen. 

The diffusion of N atoms under ou r growth condition {325 °C, 

hours) was eva lu ated by SIMS analysis . The samp l e analyzed has a 

multilayer structure, i.e. , N -doped/ undo ped/ GaAs. figure 2.13 shows the in-

depth profile of N concentration that coincided with the structure of the 

sample. The 94seN peak in the ZnSe/GaAs heterointerface was due to the 
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same mass peak of 94seO; namely, an oxide layer residue would exist at 

the heterointerface. The mixing ef fect and sputte ring - induced surface 

roughn ess were the cause of the Se signal in the GaAs substrate region 

as s hown in fig 2.13. It was found that the diffusion length of N atoms 

in ZnSe at the growth condition was less than 0.1 lJm which is much less 

than that of Li a tom s. 35 
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FIG. 2.13. SIMS analysis of N-doped ZnSe (3.2 Jlm)/undoped 

ZnSe ( 1.2 11ml/GaAs struc ture. 
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CHAPTER 3 

CHARACfERIZATION OF ZnSe LAYERS 

3 .. 1. Introduction 

ZnSe layers are mainly characterized by optical, electrical and 

crystallographic measurements. In attempting to achieve an understanding 

of these properties it is necessary to relate them to basic parameters of 

the materials. Optical, electrical and crystallographic properties are 

related to the electronic str ucture and the crystal structure. For 

instance, photoluminescence (PL) measurement, which is the representative 

technique of the optical measurements, gives basic physical parameters 

such as band gap, impurity levels, defects and crystallinity . We must 

understand each physical property from every measurement self

consistently. 

Optical measurement has two ways; observation of emission of light 

from materials and observation of absorption of light. Photoluminescence is 

the optical radiation emitted by physical system resulting from 

excitation to nonequilibrium state by irradi ation with light. PL 

measurement is one of the most import ant basic research tools for 

studying II-VI compounds . There ar e several techniques such as low

temperature PL, time-resolved PL and photoluminescence excitation. Low

temperature PL properties yield physical information of II-VI compounds 

about impurity levels, 1•2 defects3- 6 and so on. We have shown the 

correlation between intensity of free exc iton em i ss i on (Ex) in low-

- 44 -

temperature PL and crystallinity measured by double-crystal x-ray 

diffraction. 7 ,B Bhargava et a!. 9 identified branches of donor-acceptor pair 

emission IDAP) by time-resolved PL measurement. Shirakawa et a\ . 1 0 have 

measured temperature dependence of the free exciton energy by 

photoluminescence excitation spectra. Exciton resonance dip is observed in 

reflection spectrum at low temperature. 11 Ex emission can be confirmed by 

the exciton resonance dip in the reflection spectrum. 

Electrical properties of semiconductors, the ones resulting from 

doping in particular, are very important. When doped-semiconductor layers 

are conduct i ve, electrical properties are measured by means of Hall 

effect. However, capacitance-voltage (C-V) measuremem 12 will be convenient 

for characterization of high-resistivity semiconductors. Hall measurement is 

generally performed by the van der Pauw configuration. 13 • 14 The result 

gives information about majority carrier, its concentration, Hall mobility 

and resistivity. The activation of impurities and the carrie r scattering 

mechanism are understood by temperature and carrier-concentration 

dependences of these properties. 15• 16 Ohmic contact to n-type ZnSe is easy 

to be attained with In-Hg alloy. Ohmic contact to p-type ZnSe, however, is 

difficult to form. DePuydt et a1. 17 reported that the large resistance 

between Au electrodes deposited by evaporation was due to cont act 

resistance rather than large sample resistivity, and the electrodes formed 

a rectifying rather than an ohmic contact. Hall measurement is suitab le 

for thin films, but C-V measurement is able to evaluate thick films and 

bulk, and give net acceptor IN A - N 0 ) or net donor I N 0 

concentration. 

Crystallinity of ZnSe layers is evaluated by conventional x-ray 

diffraction, double-crystal x-ray diffraction and x-ray topograph 

measurements. Lattice co nstant is measured by both x-ray diffraction 

analyses. Full width at half-maximum IFWHMs) of rocking curves from 
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double-crystal x-ray diffraction evaluates quality of crystals. X-ray 

topograph of overall layers shows uniformity of strain, grain boundary 

and twinning boundary. 8 

Direct measurement of elements is possible by a secondary ion-mass

spectroscopy (SIMS). Intentionally or unintentionally doped impurities are 

observed by this analysis. Diffusion of impurity is also evaluated by in

depth profile. 

Talystep is widely used for the measurement of surface roughness 

and layer thickness. 18 Overall surface roughness is observed by Nomarski 

microscope. Nomarski microscopy is a white-light interference phase-

contrast 

relief. 19 

technique sensitive to tens of angstroms or less of surface 

This chapter descr ibes details of PL, ref l ection and Hall 

measurements of li-Vl compound layers. 

3.2. Optical measurements 

Measurement systems for PL and reflection spectra are shown in Fig. 

3.1 (a) and (b), respectively. PL measurements were made at liquid-helium 

temperature 4.2 K to 300 K using the cryostat. The PL was excited by the 

325-nm line from a He-Cd laser. The excitation power density was about 

0.1 W/cm 2 [= 1.6xi0 17 photons/(cm 2s) ). The PL spectra were recorded using a 

monochrometer with a 25-cm focal length. The resolution was about 0.07 nm 

(0.4 meV at 440 nm). Reflection spectra were measured as follows. Surface 

of samples was irradiated with light from a halogen lamp. The irradiated 

light was broad blue light created by using a band-pass filter shown in 

Fig. 3.1 (b), which suppresses the increase of temperature of a sample by 

useless light such as red and ultraviolet light. The angle of light 

SAMPLE 

' ' 

CRYOSTAT 

' 

He-Cd LASER 325 nm 

HAMAMATSU 
R928 

FILTER {HOYA LJ90, uv cut) 

(a) 

FILTER {HOYA 8440, band pass) 

CRYOSTAT 

MONOCHRO 

METER 

Nikon P-250 

(b) 

HAMAMATSU 
R928 or CRT 

FIG. 3.1. Schematics of the instrumentation necessary for 

(a) photoluminescence and (b) reflection measurements. 



incident to the normal face was 45°. The reflected light was l ed to the 

above monochrometer with the resolution of 0.07 nm. 

Figure 3.2 shows the PL spect rum from lightly-doped ZnSe layer on 

GaAs substrate. The measurement was made at 11 K; the low temperature 

makes it possible to observe a highly-resolved spectrum without thermal 

disturbance. Each peak has a recombination center such as impurities, 

>
!::: 

"' z 
w 
t
~ 
_J 

a. 

ZnSe/GaAs(1 00) 
11K 

450 500 550 600 650 

WAVELENGTH (nm) 

FIG. 3.2. Il-K photoluminescence spectrum from a lightly-doped 

ZnSe layer on GaAs substrate. Horizontal scale for excitonic 

emission region (440-450 nm) is magnified. 

defects and so on. Analysis of PL emissions relat ed to donors and/or 

acceptors gives a direction of the investigation of amphoteric doping of 

11-VJ compounds. Excitonic emissions are observed at low-temperature PL 

measurement since the binding energy of an electron and a hole is larger 

than the thermal energy of II K. Using the hydrogen model, the binding 

energy (En) and exciton diameter (r n) are given by 
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En 1.1e 4 l (3.1 ) 

(41!Ei'ff n2 

r n = 41!E 'If n2 (3.2) 

1.1e2 

where lJ i s a reduced mass, e is the electronic charge, e:s is the static 

dielectric constant, and n is integer. By using the values listed in Table 

1.1, the equation for ZnSe is obtained as 

En - 21/n2 lmeV]. (3.3) 

At the ground state, E 1= - 21 meV and r 1= 37 A were obta ined by 

calcu lation. Because of the large binding energy of 21 meV compared with 

the thermal energy (kT) of less than 1 meV at II K, excitons can exist at 

the temperature. figure 3. 3 is a schematic representation of different 

types of excitonic transitions. Ex emission is a recombination emission from 

an exciton which moves freely in crystal. Photon energy of Ex emission is 

smaller than band-gap energy (Eg) by the binding energy of En. Under 

certain circumstances, the binding energy of an exciton is increased by 

the presence of a point defect such as a neutral or ionized impurity. 

Energy is the fundamental crite ri on that determines whether or not an 

exc it on can be trapped on an impurity. When the exciton i s nearby an 

impurity, the total energy of the system is reduced (corresponding to an 

increase in the binding energy of the exc iton). Therefore it is 

energet i ca ll y favorable for the exciton to remain near the defect; the 

exciton becomes "bound" to the impurity. Energy difference between Ex 

em i ssion and bound exciton emission is small , but it is possible to 
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discriminate the emi ssions only at low temperature. Peak energy of bound 

exciton em iss ion depends on species of impuri Li es. Neutral acceptor-bound 

exc i ton emission (1 1), neutral donor -bound exciton em ission (1
2

) and ionized 

donor-bound exciton emiss ion (1 3) were observed in different energies with 

the difference of a few meV or less . 1•2 Furthermore, i t is poss i ble to 

identify an e lement species of a donor o r an acceptor . 1•2 These ana lyses 

were successful for bulk crystals. Analysis of characteristics of thin films 

or heteroepitaxial layers needs further i nvestigation. 

11 DAP DF FA 

f• : I . 1 • ; ' •• • I+ I I I I • • I I :o I :o• : I I 

0 j 
0 I I I I I 

I I I I I I I I 
I I I I I I I I 
I I I ' I I I I 
I I I I I I I I 
I I I I I I I ' I I ' I I I ><> I A-& -e-
I I I I I I 1A I A 

' 
FIG. 3.3. Schematic r epresentat ion o f donor- and acceptor 

related r adiative recombinations in II-VI compounds. Dashed 

line indicat es a excitoni c stat e. 

Othe r rad i at i ve tr a nsit io ns ca n be o bse r ved i n th e spec trum in Fi g. 

3.2. Re present ati ve e mi ssions ar e DAP e mi ss i on, r eco mbina ti o n e mi ss ion 

between a donor e lect r on and a free hole (OF), and recombination emi ssion 

be tween a fr ee e l ec tro n and an acceptor ho l e (FA) . Th e or i gin o f OAP 

em i ss i on i s we ll unde r stood as th e re co mbin ati o n be t wee n an e l ec tr o n 

t r apped at a donor and a hole trapped at an accept or. Once the e lectron 

and the hole recomb ine, the f inal transi t ion energy is r enormali zed due t o 

the Co ul o mb ic interact ion between th e tw o ba r e c har ged impuriti es le ft 

behind. The resu l tant emission energy is g i ven by20 
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(3.4) 

whe re R is the pair separation , and EA and Eo a r e the acceptor and 

donor ionization energies, respectively . OF emission is the recombi nation 

between an electron trapped at a donor and a f r ee ho l e in the valence 

band . Thermal ene r gy of a f r ee hole is almost constant of 3. 5 meV at 

high temperature region (> 100 K)2 1•22 since the effect ive mass o f a hole 

is as heavy as 0.7m
0

• The em ission energy is given by2 1•22 

(3. 5) 

FA emi ss ion i s the r ecombination between a free e lectron in the conduc tion 

band and a ho l e tr apped a t an accep to r. Si nce t he e ffec t ive m ass o f an 

e l ec tro n is as sm all as 0.16m
0

, th e rm al energy i s th en g i ve n by ! kT. 23 

There fore, FA emission energy i s given by 

(3. 6) 

Us ing th ese equa ti o ns (3. 4-6), EA, Eo and th e C oulo mbic t erm ca n be 

ca l c ul ated by i nserting th e ex perim ent al va lues o f OAP, OF and F A 

em ission energies. 

3. 3. Electrical measurements24•25 

Elect ri ca l pro perti es o f sa mp l es we r e m easured in a t e m per ature 

r ange fro m 77 to 33 3 K by H a ll m easure ment w ith th e va n de r Pauw 

method. 13• 14 
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FIG. 3.4. Energy band diagram of the junction of p-type ZnSe and 

metals, (a) Au, (b) Pt and (c) Pt on sputter-etched area. 

Ohmic contact to n-type ZnSe layer s was m ade by depositing drops 

of an ln-Hg alloy followed by annea ling in A r-H2(10%) gas at 320 •c for 

30 s. Ohmic contact to p-type ZnSe, however, is very difficul t to form 

because every metal has a lower Fermi level compared with p-type ZnSe. 

Figure 3.4 shows bend i ng of ZnSe valence band a t the junction w ith Au 

and Pt. We have employed, for the first time, Pt as the electrode material 

for p-type ZnSe25 because its Fermi level is closer to that of ZnSe than 

that of Au . The structure of the Pt e lectrode is shown in Fig. 3.5 . The 

cond itions of etching and Pt deposition for Pt electrodes are described in 

Table 3.1. Fabrication procedure of a Pt e l ectrode is the removal of the 

p-type ZnSe layer to a depth of 1000 A with I mm diameter by Ar plasma 

to create deep centers f or carr ie r recombination followed by the 

deposition of Pt by sputtering. Rectifying characteristic has ex isted among 

O
Pt 

• 

Pt -r 2ooo.l. t=t 1000.&. 

p-type ZnSe 

Substrate 

FIG. 3.5. Schematic illustration of the van der Pauw method 

and cross-section of Pt electrode on a p-type ZnSe layer • 

Pt e lectrodes, but c urrent densit y between Pt e lect rodes wa s 10 times 

greater than th at in the case o f evaporated Au e lectrodes without plasma 

etchi ng. Since l ar ge r es i stance between the Au e l ec trodes was due to 

contac t r es i stance, ou r Pt electrodes reduced contact resistance by o ne 

order of magnitude. The mechanism of the Pt contacts sputter-deposited on 

an Ar pl asma-etched surface i s show n in Fig. 3.4 (c ). The Ar sputter ing 

would make deep levels in band gap of the surface ZnSe. Free holes will 

recombine with e lectrons from Pt in the deep levels. 



TABLE 3.1. Plasma etching and Pt deposition 

Etching Pt de2osition 

Substrate temperature Room temperature Room temperaLUre 

(Water cooled) (Water cooled) 

Sputtering gas Ar (100%) Ar (100%) 

Gas pressure 200 mTorr 20 mTorr 

Input power 20 W (rf) 300 W (rf) 

Rate 30 A/ min 150 A/m in 
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CHAPTER 4 

EFFECT OF BIAXIAL STRAIN ON EXCITON LUMINESCENCE FROM ZnSe 

HETEROEPITAXIAL LAYERS 

4.1. Introduction 

Lattice mismatch and difference in thermal expansion coefficients 

greatly affect physical properties of II -VI compounds heteroepitaxial 

layers. Investigation of these effects is necessary for understanding the 

fundamentals of heteroepitaxy and their application for heterojunction and 

superlattices. 

GaAs has been widely used as a subst rate for ZnSe epitaxial 

growth because of small lattice mismatch of 0.28 % at room temperature. 

This lattice mismatch of small amount, however, influences early stage of 

ZnSe epitaxial growth. X-ray diffraction measurements show that thin ZnSe 

layer is coherently grown on a GaAs substrate with 

distortion. 1•2 With increasing layer thickness, the lattice 

tetragonal 

parameter 

perpendicular to the (100) heterointerface (a 1 ) approaches the lattice 

parameter of bulk ZnSe, indicating relaxation of the mi smatch 

distortion. The lattice parameter a1 becomes smaller than the bulk value 

for layers thicker than 1- 1.5 ~m. Yao et a1. 2 have indicated that the 

thick layers suffer biaxial tensile stress produced by differences in 

thermal contraction between ZnSe and GaAs during the coo ling from the 

growth temperature to room temperature. 

The strain produced by the lattice mismatch and the differential 

-56 -

thermal contraction have influences not only on crystallinity but also on 

optical properties of heteroepitaxial layers. Pikus et al . 3 have derived a 

general expression of the orbital-strain Hamiltonian of Si and Ge under 

uniaxial strain. Asai et al. 4 have showed that the valence band of zinc-

blende-type material shifts and splits into light- and heavy-hole branches 

by the biaxial strain. Dean 5 has pointed out that the shift of PL emission 

from ZnSe heteroepitaxial layers is due to the lattice mismatch between 

ZnSe and GaAs. Yao et al. 2 have ascribed the two exciton resonance dips 

in reflection spectra from ZnSe layers with different thicknesses (which 

are equivalent to different strains) to the two branches of the valence 

band. A new lx emission appears at a lower energy position of 

conventional neutral donor-bound exciton emission (I 2) in low-temperature 

photoluminescence (PL) spectra from ZnSe/GaAs heteroepitaxial layers. 
6 

The 

origin of l x emission would be neutral donor-bound exciton emission, but 

the species of the donor was unknown so far. 2•6 Potts et a\. 
7 

and Mar et 

al. 8 have observed that the peak energy of so-called lx emission varied 

with a small change of ZnSe lattice parameter. Their discussions were 

made using the lattice parameter at room temperature in spite of low 

temperature for PL properties. Strain at the same temperature with optical 

measurements i s necessary for the quantitative calculation of effect o f 

the strain on optical properties. 9 

Low-temperature PL spectra from n-type ZnSe layers were dominated 

by Ix emission. 6 We have succeeded, for the first time, in the growth of 

acceptor-doped ZnSe layers with dominant neutral acceptor-bound exciton 

emission (1
1
). 10 Since these layers showed strong bound exciton emiss ion 

with other em iss ion being well-suppressed, other radiative transitions are 

negligible, implying that the qualitative discussion of the change in 

intensities of bound exciton e missions is possible. ZnSe single crystals 

exhibit a single bound exc iton emission, II but these ZnSe/GaAs 
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heteroepitaxial l aye r s showed two peaks in each bound exc it o n e mi ss ion. 

For instance, Ga-doped Z nSe laye r s showed tw o peaks co ns isting of 

neutral donor-bound exc iton emi ssion (12) and lx em issions. 12 Peak energy 

of 12 emiss ion was almos t the same as that o f sing le c r ysta l 11 , but the lx 

em ission appeared at lower-energy side o f 12 emi ss ion by a few meV and 

had st ro ng intensity relative to 12 e mi ss i on. Same feature was a l so 

observed in 11 em ission from our N-doped ZnSe layers.9 Peak ene rgy o f 11 

em i ssion from ou r N-doped ZnSe had a different ene r gy o f that fro m N

doped ZnSe homoepitaxial layers grown by liquid phase ep i taxy (LPE) 13. 

Different peak energy of 11 e mi ssion also indicates a possibility that 

unintended impuriti es ar e incorpora ted int o ZnSe l ayers in sp ite of our 

careful growth . Understanding of the origins o f two peaks both in 11 and 

in 12 emissions is very important for amphoteric doping. 

4.2. Theoretical calculation of effect of biaxial strain 

4.2.1. Layer-thickness dependence of lattice parameters9 

Strain in the l ayer can be eva luat ed by a measure m ent of l attice 

parameter or a Raman scattering measurement 14• Measurement of the latt i ce 

parameter a1 of ZnSe layers was made by convent ional x-ray diffraction. 

Figure 4.1 shows the a1 o f ZnSe layers plotted as a function of l aye r 

thi ckness at room temperature and 12 K. The room-t e mperature l att i ce 

parameter was obtained exper im enta lly, but the a1 at 12 K is calcul ated 

values. 

Layer-thickness dependence of lattice parameters at low temperature 

has been derived by pos tulated th e foll owing mec hani sm s about the 

heteroepitaxy to ca lculate the a 1 at 12 K. Three states of temperatures 

5.69 

-···- . 
RT \ 

0~ 
5.68 

" \ 
"' \ a: 12 K 
w 

' ... 
w 5.67 _:_, _ __ B!.llk 

" "" ' -4·---.. -a: 

"" a. 
w 

-\---B!Jik u 
;:: ... 5.66 
:5 

A' -f-- s· -:- c· 
-1 

5.65 l.._.J..__J ___ ....L_.J.... ___ L..__ 

0.1 10 

LAYER THICKNESS (~m) 

FIG. 4.1. Lattice parameter a1 and str ain E of ZnSe layers 

plotted as a function of layer t hickness at room temperature 

and 12 K. (Solid line connects the experimental data points 

(RT), and dashed line i s calculated on (12 K).) 

l c l C' 

]a ]s· 
) A l A' ZnSe 

GaAs Sub. 

(a) (b) 

FIG. 4.2. Schematic model for the deformation of ZnSe lattice 

grown on GaAs substrate (a) at growth temperature, and (b) 

at room and low temperature. 



are defined: the growth temperature (= 600 K) st ate, the room-temperature 

(= 300 K) state fo r the x-ray diffraction measurement and the low

temperature (= 12 K) sta te for the PL measurement. 

[Growth temperature 600 KJ Figure 4.2 (a) shows ZnSe latt ice on GaAs 

subst r a t e at the g rowth temperature. Th e layers of the ear l y stages o f 

the growth a re coherent to the subs trate and tetragonally deformed by 

compr essive st r ess due t o the l atti ce mismatch. Since dislocations are 

induced in region B beyond a cer t ai n layer thickness ( i. e ., critica l 

thickness), 1 the lattice structu re of ZnSe will change into cubic gradually 

(region C). 

[R oom temperature 300 Kl The layer is biaxially stre t ched at room 

temperature since tensil e s tress i s produced by the differences in 

thermal contraction between ZnSe and GaAs on cooling below the growth 

te mperature. This str ess m akes the a 1 of thi ck layer smaller than th at of 

bulk ZnSe in region C'. 

!Low temperature 12 KJ Both lattices of ZnSe and GaAs shrink 

gradually with decreasing temperature, and bi axia l st r a in inc r eases with 

decreasing temperature due to the differences in thermal con traction 

mechan ism of whi c h is the same as bimet al. Thus l arge r tensile st r ess 

exists in region C' of thick layers. 

Latti ce parameter of ZnSe layers at 12 K ca n be ca lc u l a ted with 

the above mechan ism for the heteroepitax y. The a 1 of coherent, i.e., thin 

(< 0.15 llm) ZnSe laye r on the GaAs substrate i s given by l,4 

aGaAs + CII+
2

C 12 (abulk- aGaAs) 

C11 
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(4.1) 

whe r e c 11 and C 12 are the elast ic st i ffness cons t ants of ZnSe an d the 

abulk is the lattice parameter of bu lk ZnSe. Using c 11 and c 12 in Table 

4. I , the lattice parameter of the coherent ZnSe layer can be evaluated as 

a 1 = 5.688 A at 300 K. This va l ue is in quite good ag r eement w ith our 

exper im enta l va lue of a 1 5.687 A at room temperature and other 

exper imental va\ues. 1' 19 In this case, the ZnSe lattice parameter au (which 

is pa rall el to the heterointerface) takes the value of the GaAs l attice 

pa rameter. 

TABL E 4.1 . Values of lattice parameters of ZnSe and GaAs, 

and of elast i c stiffness constants for ZnSe at different 

Temperature 

( K) 

600 

300 

12 

Reference 

temperatures ( 12, 300, and 600 K). 

Lattice param eters of bulk 

GaAs 

5.6639 

5.6533 

5.6479 

15 16 

! A l 
ZnSe 

5.6841 

5.6693 

5.6623 

17 

Elastic stiffness const an t s 

of ZnSe (I 0 11 dyn/cm 2) 

8.59 

8.88 

18 

5.06 

5.27 

18 

Influence of the differential th ermal cont raction is r e m arkabl e o n 

lat tice parameter s of thick (> 11m) ZnSe l ayers. The following 

assumptions were made to evaluate the influence of the differential 

thermal contraction: I) th e l a ttice parameter of region C where is away 

fro m th e he t e rointerface has the bulk value of Z nSe at the growth 

temperature; 2) aq o f th e laye r s approaches that of GaAs when being 

cooled from the growth temperature to room temperature. These assumptions 
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can give an equation 

aGaAs(300K) - aGaAs(600K) 

aGaAs(600K) 

a,(300K) - abulk(600K) 

abulk(600K) (4.2) 

The equation gives a, (300K) = 5. 674 A for thick layers. By replacing aGaAs 

in Eq. (4.1) with a,, a,(300K) 5.665 A for thick layers is obtained. This 

calculated a,(300K) for thick layers is in good agreement with the 

experimental value of 5.667 A in Fig. 4.1. 

By applying the same type of equations as (4.1,2) to low temperature 

(12 K), a,(I2K) for thin and thick ZnSe layers were obtained as 5.679 and 

5.655 A respectively. The manner of a,(I2K) relaxation at moderate 

thickness is presumably identical for that of ad300K). The lattice 

parameter a1{12K) is calcu lated as a f unction of ZnSe l ayer th ickness as 

shown in Fig. 4.1 (dashed line). The 12-K lattice parameter of ZnSe 

heteroepitaxial layers on GaAs substrates has been calcu l ated for the 

first time. Since ZnSe/GaAs heteroepitaxy is among the most common and 

important ones, 20 the low-temperature lattice parameter is useful to 

discuss physics at low temperature such as optical properties. Furthermore 

this procedure will give insight into the layer-thickness dependence of 

any heteroepitaxy at any temperature. 

4.2.2. Valence band split due to biaxia l st rai n9 

The effective Hamiltonian for mal i sm of Pikus3 can be used to 

describe the exciton problem . The exci t on Hamiltonian can be expressed as 

H (4.3) 
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where Hv,O is the zero-pressure mixing of the three p-like valence bands, 

Hv,e is the strain-dependent mixing of the valence bands, He describes the 

conduction-band energy, and Hexciton is the valence hole - conduction 

electron interaction. The operator 1-lv,£ which represents the interaction 

between the valence bands due to strain can be determined from symmetry 

considerations by combining the strain tensor £ij with the angular 

momentum operator J, as described by Pikus. 3 For zinc blende symmetry, 

H;: - a (E,x + '-yy + Ezzl - 3b (Jhx + Jfyy + J?:zz) 

+ 6d/3~ ([JyJzl Eyz + IJxJzl £xz + IJxJyl £xyl (4.4) 

where the parameter a is the hydrostatic deformation potential, and the 

quantities b and d are the shear deformation potentials appropriate to 

strain of tetragonal and rhombohedral symmetries, respectively . The 

valence band at the r po i nt of the unstrained ZnSe layer consists of a 

fourfold P 312 multiplet (J 3/2, m J !3/2, ! 1/2) . Under biaxial 

compressive or tensile stress parallel to 10101 and IOOII (parallel to the 

heterointerface), the valence band is split into a heavy-hole branch {J = 

3/2, m J = ~3/2) and a light-hole branch (J = 3/2, m J = ~1/2) . 4,5 From 

Eq . (4.4), band-gap sh i fts at the r point with biaxial stress are given 

by4,7 

<lE~h -2a e ll -e 12 
---£ 

+ b e ll +2e i 2 
----£ 

e ll e ll 

(4.5) 

<lE~h -2a e ll -e l 2 
---£ 

b e ll +2e l 2 
----£ 

e ll e ll 
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Here l>E~h and l>E~h are energy shifts of the band gaps between 

conduction band and valence band for the heavy- and the light-hole 

branches, respectively . The parameter e: is the magnitude of the strain 

w 
I 
I 

~ 
r 

( a) (b) 

fiG. 4.3. Schemat ic representation of (a) unstrained band 

structure and (b) biaxial tensile-stressed band structure. 

component. The E is defined to be positive for compressive st rain. Inserting 

a = -3 . 0 eV, b = - \. 2 eV (Ref. 21), and the values of Table 4.1, the 

following results at 12 K were obtained: 

leV] , (4 .6) 

leV] • (4.7) 

These eq uations show the features of band-gap shifts. Band structures of 

ZnSe near the r point under unstrained and strained conditions are shown 

in fig. 4. 3. The energy shift of the heavy-hole branch of the va l ence 

bands is almost independent of the st r ain , but the ene rgy shift of the 
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light-hole branch is fairly dependent on the strain. For the biaxial 

stress parallel to heterointerface, nonzero components of the strain tensor 

are4,2 2 

E = - 'xx - 'yy = ~ 0 z z 

0 zz 
81 - 8 bulk 

8 bulk 

2C 12 

(4.8) 

The st rain in ZnSe la ye rs can be derived by i nserting the lattice 

parameter a1 at 12 K in Fig. 4.l. For example, strains in thin (< 0.15 urn) 

and thick (> ~m) layers are 2.13xl0-3 and -7.89x\0-4, respective ly. The 

point where c = 0 is around 0.5 urn. The difference between a1 and abulk 

in th e thi ck region at 12 K is much larger than t he difference at room 

temperature, as sho wn in Fig. 4.1. Effec t of the st r ain produced by the 

differential thermal contraction cannot be ignored at low temperature. 

4.3. Effect of biaxial strain on bound exciton emissions 

4.3.1. Temperature dependence9 

The typical low-temperature PL spec tra of our undoped~ 3 N-doped 10 

and Ga-doped 12 ZnSe layers are shown i n fig. 4.4. The PL spectrum of 

the undoped ZnSe l ayer exhibit s strong fr ee exc i ton e mi ss ion (Ex) with 

weak 12 e mi ss ion and suppressed deep-level e mission , indi ca ting good 

crysta lline quality and high-purity o f undoped Z nSe l aye r s. The PL 

spect rum from N-doped ZnSe l ayer s grown by high-purity N2 i on doping 
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exhibited st rong 11 emission and weak (1 / 40 o f 11 emi ssion) DAP emission 

around 2.70 eV (460 nm). Thi s result suggests th at the donor cont amination 

introduced by the doping process is very little. The PL spectrum from Ga

doped Z nSe l aye r i s dominated by lx and 12 emi ss ion with Ex e mi ss ion. 

""' 11 
:J 

~ 
>-
!::: 
rn z 
w 
~ 

~ 
..J a. 

440 450 500 550 600 650 

WAVELENGTH (nm) 

fiG. 4.4. Photoluminescence spectra of ZnSe layers on GaAs: 

(a) undoped, (b) N-doped and (c) Ga-doped. (a) was measured 

at 12 K, and (b) and (c) were measured at 4.2 K. 

Figure 4.5 shows PL spectra in the excitonic emission region for N-doped 

ZnSe layer at different temperatures (4 . 2, 10 and 22 K). The weak Ex 

emission and the dominant neutral acceptor-bound exciton emis sion are 

observed in the spectrum at 4.2 K. The upper energy emission at 2. 792 eV 

(444.05 nm) grows up with increasing temperature. The higher energy 

branch of 11 emissions (I~h) and 12 emissions might be luminescence from 

bound excitons consisting of a heavy hole and an electron, and the lower 
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bra nc h o f I I e miss ions 0\h ) and t he IX em iss i on (def i ned as l~h ) might be 

lum i nesce nce from bound exc itons cons ist i ng o f a li ght hole and an 

elec tron. 

The ra ti o 11h!Ihh of va ri ous sampl es ar e co nstant at a g ive n 

te mp eratur e as shown in Fig. 4.6 and th e ra tio J1h!Ihh is about 1.8 in 

thick (> 1.5 ~m ) N-doped ZnSe layers at 12 K and also in thick (> 1.5 ~m) 

> 
>-
iii 
z 
w 
>:;:; 
...J 
a. 

ZnSe:N 
t=2.0~m 

441 442 443 444 445 

WAVELENGTH (nm) 

FIG. 4.5. Temperature dependence of the excitonic emission 

from N-doped ZnSe with layer thickness 2.0 ~m. 

Ga-doped ZnSe layers at 4.2 K. This proportional re l ation of the l~h (= 

12) and l~h ( = lxl suggests that the 12 and lx originate from same Ga

donor speci es. The result also indicates that the l~h and l~h originate 

from same N-acceptor species. 

The Arrh enius plots of th e PL intensity ratio 1\hll~h and l~h/l~h 

are shown in fig. 4.7. PL intensities of the l~h (or l~h) emission and 
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the 1\h (or l~h) e mission would be in proportion to the populations or 

heavy and light holes in the split valence bands, respectively. The 

transition possibility of exciton recombination corresponding to a heavy 

hole is A (= constant) times larger than that or a light hol e. These 

assumptions are shown in equations 1hh = CANhh and 11h = CN1h where 1hh 

and 11h are PL intensities [or the heavy-hole branch and the li ght-hole 

10
8 

~ 
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==('oj 
~ 
0 
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~ 

0 

6' 

·~i"' 
:. 0 
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~ 
o ZnSe;N at 12K 

:o 
0 • ZnSe:Ga at 4.2K 

~ 
~ 
~ 

PL INTENSITY OF l~hOR l~h (rei. units) 

FIG. 4.6. Plots or intensities or 1\h vs 1?h and Ikh vs l~h 

or ZnSe layers with various layer thicknesses (1.5-5 ~m). 

branch, respect ively , and Nhh and N1h are populations or heavy and 

light holes, respect ively, C is proportionality constant. Then the 

Arrhenius equation is given by 

(4.9) 

where Ea is an activat ion energy . The plot o r the ratio I\h! I ~h in Fig. 
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FIG. 4.7. Temperature dependence or the ratios I1r11?h and 

Ikh!I~h. Thickness or these N-doped and Ga-doped ZnSe 

layers are 2.0 and 4.8 ~m. respectively. Solid line has 

activation energy 2.0 meV. 

4.7 gives A = 3.5 and Ea = 2.0 meV. In the case or the ratio Ikh!I~h. A 

= 1.5 and Ea = 2.0 meV were obtained. The result also shows that the 

activa tion energy E
8 

equals the difference in energy of the I~h emission 

(2. 792 eV) and the I \h emission (2. 790 eV) in Fig. 4.5. This result reveals 

that the 1hh and 11h are originated [rom heavy and light hole branches 

of the valence band, respectively, and that a hole is thermally exc ited 

[rom a lower-energy state to a higher-energy state. The ratio 11h!Ihh 

depends on the Ea and temperature as seen in Eq. (4.9). The di[[erence in 

energy of the 1 \h e mi ssion and the 1Yh emiss ion is almost constant for 

layers thicker than 1.5 ~m as shown in Fig. 4.8, indicating that Ea is 

constant for thick layers; the dependence on layer thickness is similar to 
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that of the biaxial strain as shown in Fig. 4.1. The result suggest s that 

the Ea is originated from the valence band split. 

4.3.2. Layer-thickness dependence9 

N-doped ZnSe homoepitaxial 

exhibit a single peak of 11 emission 

layer grown by LPE is reported to 

at 2. 7921 ev. 13 No split of the peak 

is observed since the layer is free from stra in (E = 0) . 11 emission from 

heteroepitaxial ZnSe layers, on the other hand, shows two distinct peaks 

1\h and 1rh positions of which are shif ted from that of 11 emission from 

homoepitaxial layers. The energy shift of 1\h and 1rh can be calculated 

by using the Eqs. (4.6-8). Figure 4.8 shows the dependence of the peak 

energies on layer thickness for both 1\h and Jrh. The peak energy of 

1\h shifts to higher energy for thinner ZnSe layers. The peak shift of 

1rh is much smaller than that of 1\h emission. The calculated peak 

energies are in good agreement with the peak energi es of the I \h and 

1rh emissions. In addition, similar property was also observed in the t~h 

and the l~h emissions of the Ga-doped ZnSe layers. It can be conclude 

th at the 1\h and 1l{' em iss ions from N-doped and Ga-doped Z nSe layers 

are I urn inescence from the light-hole exci ton bound to a N-acceptor and a 

Ga-donor, respectively, and th e 1rh and J~h emissions are luminescence 

from the heavy-hole exc iton bound to a N-acceptor and a Ga-donor, 

respectively. 

In case of heteroepitaxial semiconductor layers, bo th the 11 and 12 

emissions split into heavy- and light-hole branches by the biaxial st ra in 

due to lattice mismatch and differences in thermal contraction. This resu lt 

implies that unintended impurities or defects a re not introduced in 

ZnSe/GaAs heteroepitaxy. 
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FIG. 4.8. Var iation of excitonic peak energies in the 12-K PL 

spectra of the N-doped ZnSe layers of varying thickness. 

Solid lines are calculated peak energies of the 1\h and J~h 

em issions. The J~h emission is not discernible in the spectra 

of thinner layers. 

4.3.3. Exciton luminescence from strain-free Iayers24-27 

Strain-free Z nSe laye r s have been obtained by homoep itaxy. 23-2 7 

Exci tonic emission spectra from undoped~4 N-doped25 and CJ-doped26 ZnSe 

layers in both cases of homoepitaxy and heteroepitaxy are show n in Fig. 

4.9. In the case of homoepitaxy, ~. 11 and 12 emi ssions show single peaks 

at 2.804, 2. 7931 and 2. 7980 eV for undoped, N-doped and Cl-doped layers, 

respect ive ly. The sing le peak confirms that the valence band does not 
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split without strain. In the ZnSe/GaAs heteroepitaxy, these emissions 

exhib it double peaks whose peak energies depend on biaxial strain in 

ZnSe layers. Figure 4.9 confirms the applicability of the Eqs. (4.6,7) that 

the light-hole branch is rel atively sensit ive to the st rain, but the heavy

hole branch is not sensitive . The positions of strain- fr ee PL peaks for 

undoped, N-doped and CJ-doped homoepitaxial layers are, therefore, almost 

the same as the heavy-hole branch of PL peaks from the heteroepitaxial 

layers. 

ZnSe/ZnSe 
12 K 

ZnSe/GaAs 
12 K 

440 

(a) 
E 2.80' eV 

X ' 

445 440 
(nm) 

Undoped 

(b) 

(e) 

,, 
2.7931 eV 

(nm) 

N-doped 

(c) 

(nm) 

Cl-doped 

FIG. 4.9. Exciton ic emission spectra (440-445 nm) from (a) undope d, 

(b) N-doped and (c) Cl-doped ZnSe homoepitaxial layers, and (d) 

undoped, (e) N-doped and (f) Cl-doped ZnSe heteroepitaxial layers 

at 12 K. 
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CHAPTER 5 

ELECTR ICAL AND OPTICAL PROPERTIES Of Cl-DOPED n-TYPE ZnSe LAYERS 

5.1. Introduct ion 

Low - temperature photoluminescence (PL) spectra from n-type ZnSe 

heteroepitaxial layers are dominated by neutral donor-bound exciton 

emission (1 2) having two peaks that are ascribed not to two different 

impurities but to the split of the valence band to heavy-and light-hole 

branches. The result in the previous chapter shows that high-quality n

type ZnSe heteroepitaxial layers show two intense 12 emissions. 

Int r insic ZnSe should exhibit high resis t ivity and well-suppressed 12 

emission. Although as-grown ZnSe bulk exhibited high resistivity, it is not 

due to high purity but due to defects caused by so-called self

compensat ion effect. 1 Before 1984, undoped ZnSe layers grown by molecular 

beam epitaxy (MBE) 2 or by metal-organic chemica l vapo r deposition 

(MOCVD) 3 also exhibi t ed n- t y pe conduct ion w i th ca rr ier concent rat ion of 

10 16 em -3. Thus electrica l properties of MBE-grown or MOCVD-grown ZnSe 

layers were poor. Recent ly, Yoneda et al. 4, Mitsuyu et al. 5 and Wakitani 

et al. 6 have ind icated t hat undoped high- resistivity ZnSe layers are 

possible to be grown by MBE using high ly purified source ma terials. It 

was found that n-type conduct i on in undoped Z nSe laye rs was due to 

donor contamina t ion of source materials. Intr ins ic ZnSe layers obta i ned 

have shown high resistiv ity (> 104 Ocm) and dominant free exc iton emission 

(Ex) in low- temperature PL measurement. 4-6 Strong Ex emission indica tes 
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good crystalline quality of the layer.7 

Stutius8 reported on Al-doped n-type ZnSe grown by MOCVD in 1981. 

Kitagawa et a!. 9 reported in 1980 Lhat Ga-doped ZnSe grown by MBE has 

resistivity of 0.07 ncm. Electron concentrations in both AI and Ga doping 

cases have been limited on the order of 10 17 crn- 3. Heavier doping has 

resulted in a decrease in carrier concentration together with quenching 

band-edge PL emission. 10' 11 Carrier concentration of n-type ZnSe is, 

therefore, conLrolled up to the order of 10 17 cm-3. These n-type ZnSe 

layers were not fully degenerated . Behaviors of electron concentration 

and mobility are unknown since degenerated n-type ZnSe has not been 

obtained so far. 

Low-temperature PL spectra from lightly doped ZnSe layers show 12 

em issions originated from donor spec ies. Bhargava 12 and Dean et a1. 13 have 

shown donor ionization ene rgies of group Ill and VII elements in ZnSe from 

the study of PL spectra. Yao et a1. 10 and Niina et a1. 11 reported on Ga

doping level dependence of room-temperature PL properties. They indicated 

that over doping introduced deep levels. Optical properties of ZnSe with 

higher carrier concentration have never discussed so far. 

Low-resistivity Cl-doped ZnSe l ayers were shown in Sec . 2. 3.2 . 

Electron concentration at 300 K has reached the order of 10 19 cm-3, 14•15 

suggesting that fully generated n-type ZnSe has been attained by Cl 

doping. The behaviors of electrical and optical properties of degenerated 

ZnSe are investigated in this study. This chapter will discuss Cl-donor

concentration dependence of electrical and optical properties. Scattering 

mechanism of electrons in MBE-grown ZnSe hetero and homoepitaxial layers 

is also described here. 
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5.2. Activation of donors and scattering mechanisms of electrons 

Electrical properties of ZnSe layers were evaluated by means of 

Hall measurement, i.e., the van der Pauw method 16• 17 • Electrical properties 

of Cl-doped ZnSe with various doping levels are shown in Table 5. I. At 

Tel = 250 oc, c arrier concentration attained 2. 2xJo 19 cm-3. This is the 

highest carrier concentration ever achieved of n-type ZnSe. The value 

obtained shows a remarkable improvement by two orders of magnitude in 

comparison with Al-doped8 or Ga-doped 11 ZnSe layers previously reported. 

TABLE 5.1. Dependence of electrical properties of Cl-doped 

ZnSe layer at 300 K on ZnC1 2 cell temperatures. 

Tel [•CJ p [Ocml n [cm-31 " [cm 2/(Vs)J 

!50 (2.8x 10°1 (5.3xlo 15J (420) 

175 2.3xlo- 1 6.6x 1016 400 

200 3.3x!o-2 5.2x10 17 380 

225 6.8x I0-3 4. 7xl018 200 

250 3.4xlo-3 9.6xlo 18 200 

170 2.6x!o- 1 6.0x!0 16 400 (Homoepitaxy) 

250 1.3x I0-3 2.2x1o 19 210 (Homoepitaxy) 

Temperature dependence of carrier concentration for different Cl 

doping levels are shown in fig. 5. 1. In the case of heavy doping (T Cl = 

225 and 250 °C), it is found that these carrier concentrations remain 

constant over a wide range of temperature (from 77 to 333 K). The 

concentration of Matt transition 18 is given by 
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(5.1 ) 

(5.2) 

where a; is effective Bohr radius, 30.3 A for the donor elec tron. The 

roncentration NM for ZnSe is 5.6xt0 17 cm-3. Since the experimental carrier 

T (K) 
300 200 100 

ZnSe:CI 

1d•Lo------~------~1~o------~1~s~ 

1 000/T (K- 1) 

FIG. 5.1. Temperature dependence of carrier concentrations for 

ZnSe layers grown with various ZnCI 2 cel l temperatures. 

concentrations for T C l = 225 and 250 oc are greater than NM, the 

phenomenon is the Matt transition. The layers are, therefore, fully 

degenerate; wave function of high-density Cl donor electrons overlap and 

an impurity band is formed. At Tel = 17 5 oc the carrier concentrat ion 

-78-

exhibited considerable temperature dependence. In nondegenerate 

statistics, carrier concentration is given by 19 

n(n + N,.L.._ 

(Nd - Na - n)Nc 

(5.3) 

where g (= 2) is the degeneracy factor for donor levels, E
0 

is donor 

ionization energy, and Nd and Na are the concentra tion s of donor and 

acceptor, respectively. Nc is the effective density of states in the 

conduct ion band and is given by !9 

Nc = 2 (2nm;kT/h2)3/ 2 

= 4.01xi0 18(T/300)3/2 (cm-3) . (5.4) 

The donor ionization energy Eo = 22 meV and No = 7.1xi0 16 for Cl-doped 

ZnSe grown at Tel = 17 5 •c are calculated by using Eqs. (5.3,4). This 

value of E0 is in good agreement with 26.2 meV determined by an optical 

measurement 12 for C l donor in ZnSe. 

Scattering mechanisms of carrier have two groups of phonons and 

defects. Polar optical phonon scattering, piezoelectric phonon scattering 

and acoust i c phono n belong to the former group. Ionized impurity 

sca ttering and neutral impurity scattering be l ong to the latter group. A 

brief account of each of the scattering mechanisms will be given below. 

(a) Polar optica l phonon scattering. Polar optica l phonon scattering 

results from the polar interaction between c harged carriers and opt i ca l 

phonons. Because of the partially ionic character of ZnSe ionicity of 

which i s 0.63, longitudinal optical phonons induce electrostatic potential. 

The expression obtained for the dependence of mobility on po l ar 
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longitudinal optical phonon scatte ring is given by20 

~0 89.9 IE~ ---''--- T3/ 2 sinh(Gd/T/2) (5.5) 

m *3/2 £o/Eoo - £o!£s gd2 K I(Gd/T/2) 

where Gd is the De bye temperature and K 1 (x) is the type- II modiFied 

Bessel Funct ion. Using the values or Table 1.1, the mobility For ZnSe is 

obtained as follows 

~0 = 8.97x!02 (T/300)3/2 sinh(184/T)/K 1(!84/T) [cm2/(Vsll. (5.6) 

Equation (5 . 6) gives llpo = 466 and 6520 cm 2 /(Vs) at 300 and 77 K, 

respectively. Influence of this polar optical phonon scattering is important 

at room temperature. 

{b) Piezoelectric phonon scattering. ZnO, CdS and CdSe are 11-VI crystals 

which are strongly piezoelectric. Piezoelectric implies electric pol arization 

effects induced in a c r ysta l by the application of a mechanical stress. 

The mechanical stress takes the periodic form of the acoustic lattice 

vibrations which activate polarization field s to modify th e transport 

properties of carriers at low temperature. The expression obtained for the 

dependence of mobility on piezoelectric phonon scat tering is given by21 

~e (5. 7) 

Equation (5. 7) gives llpe For ZnSe by using ZnSe parameters in Table 1.1 

as follows, 

~e 3. 15x 1 o5 (T /300)-1 (5.8) 

~pe decreases with increasing temperature. However, the value at 300 K is 

as large as 3.15x!05 cm 2/(Vs). 

(c) Acoustic phonon scattering. This is based on a wave phenomenon. The 

vibration of atoms deforms the poLential energy configuration of the atoms 

and leads to small vibrations in the energy gap. The variation in the 

energies of the conduction and va lence band edges resulting from the 

vibrational motion is localized; these changes in potential energy of the 

r-arriers . Hence the mobility of electron is modified by the effect of 

lattice vibrations according to22 

llac (5.9) 

where EAC is conduction band acoustic deformation potential, vs is the 

longitudinal velocity of sound and p is the density. Using the values in 

Table 1.1, llac or ZnSe is given by 

llac 3. 52x 1 o4 (T/30or312 (5.10) 

Equation (5.1 0) gives llac 

respectively. 

3. 52x I 04 and 2. 71 x 1 o5 cm 2 /(Vs) at 300 and 77 K, 

(d) Ionized impurity scattering. Ion i zed impurity scattering result s from 

either delibe r ately introduced impurities or lattice defects (such as 

negative charged Zn vacancies 23 ) generated by non-stoichiometry of the 

compounds. Coulomb field of the ionized defect deflects the electron or 

hole from its paths in a way that depends on the sign of the charge on 

the scattering center. Ionized impurity scattering is particularly important 



at low temperatures when the thermal motion of the lattice atoms IS small. 

An expression derived for the mob1lity dominated by ionized 1mpunty 

scattering in a nondegenerate material is24 

)lii 

in ZnSe 

3.28x!0 15 (e: k )2 (m*/m0)~ N -I T312 

In( I +X) - X/( I +X) 

3.56x lo
21 

(T/300 )3/2 [cm2/(Vs)[ 
Ni In( I +X) - X/( I +X) 

(5.11) 

(5.12) 

where Ni and n are the ionized donor and free electron concent rati ons , 

respectively. X is defined as follows 

X (5. 13) 

in ZnSe 

(5.14) 

Assuming Ni = n, equations (5. 12) and (5.14) give ~ii(300K) 8.58xl03 and 

1.83x l0 3 cm 2/(Vs) for samples with n300 K = lx!0 17 and l x 10 18 c m -3, 

respectively. 

(e) Neutral impurity scatter ing. A part of ioni zed donor impurities 

recombines a free electron at low temperature. Neutral impuriti es scatter 

free electrons in the conduction band. An express ion derived for the 

mobility by neutral impurity scatte ring is2 5 

llni __ e __ = 1. 43x!022 ~ 's- (5. 15) 

in ZnSe 
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(5.16) 

where Nn is neutral impurity concentration. Temperature dependence of J.lni 

is caused from the temperature dependence of Nn. 

The total mobility \.ltotal • which includes the five mechanisms above, 

is approximately26 

>
f:::; 
iii 
0 
:2 
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10 2 

~lOtal 

(a) ZnSe:CI/ZnSe 

· - •~ ....... 

"-· , · , · -. "po 

l-ltotal 
(b) ZnSe:CI/GaAs 

50 100 200 300400 50 100 200 300400 

TEMPERATURE (K) 

(5. 17) 

FIG. 5.2. Temperature dependence of elec tron mobility for 

Cl-doped ZnSe homoep itaxial and heteroepitaxial layers. 



Figure 5.2 shows temperature dependence of Hall mobility of experiments 

and calculations. Samples are Cl-doped ZnSe homo and heteroepitaxial 

layers with carrier concentration n300K = 6x 10 16 cm-3. These layers have 

several features in common : I) polar optical phonon scattering limits 

mobility at higher temperature; 2) neutral impurity scattering mainly 

affects electron mobility at lower temperature; 3) piezoelectric and 

acoustic phonon scatterings are negligible in this temperature region. 

Since lattice vibration is strong at higher temperature, t>honon scatterings 

are dominant factor wh1ch affects the electron mobility. The effect of 

polar optical phonon scattering is the greatest in case of ZnSe and 

GaAs2 7. With decreasing temperature, electron scattering by defects is 

getting effective, because lattice vibration is "frozen" . Since velocity of 

an elect r on is slow, both ionized and neutral impurity scatterings deflect 

elect r ons. Electron effective mass of ZnSe is larger than in GaAs. Thus 

influence of impurity scatterings in ZnSe is large compared with GaAs. 

Neutral impurity concent rations at 77 K for homo and heteroepitaxial 

layers calculated from Eq. (5.15) are 1.2x1017 and 2.5x!0 17 cm-3, indicating 

that the concentration of homoepitaxial layer is low. The neutral impurity 

may consist of neutral donors and lattice defects. Donor conce nt rat ions 

(N 0 ) of homo and heteroepitaxial layers derived from Eqs. (5.3,4) are 

7xio 16 cm-3. Neutral donor concentrat ion (N~) at 77 K is, therefore, about 

cases, since Cl-doped homo and heteroepitaxial layers 

in Fig. 5.2 show the same temperature dependence of carr ier concent ration 

at T Cl = 175 •c in Fig. 5.1. It is found that influence of lattice defects . 
involves vacancies and their complex. Since homoepitaxial layers have 

fairly well crystallinity compared with heteroepitaxial layers, Hall 

mobility of the Cl-doped homoepitaxial layer has reached 1310 cm 2/(Vs) at 

77 K. 

Figure 5.3 shows temperature dependence of the Hall mobility for 
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different doping levels . In the case of light dopmg (T Cl = 175 •c), the 

Hall mobility decreases with increasing temperature because of the polar 

optical phonon scattering. At lower temperature the mobility tends to 

saturate for T Cl = 175 oc and to decrease for T Cl = 200 oc owing to the 

ionized and neutral impurity scatterings. It is found that the Hall 

mobility is almost independent of temperature in the heavy doping levels 

1000 

. 
> 

;:;- 500 

! 
> ,_ 
::; 
iii 
0 

" _, _, .. 
::t 

ZnSe:CI/GaAs 

~c 

~ 
250°C 

!==A==t ~ •----.. 
225°C 

100 L_~70~~,~0~0~--~2~0~0~~3~0~0_J__j 
T (K) 

FIG. 5.3. Temperature dependence of Hall mobilities for 

ZnSe layers with various doping levels. 

(T Cl = 225 and 250 •c). This indicates that the mobilities of these layers 

are dominated by neutral impurity scattering due to both neutral donors 

and lattice defects. The difference •between neutral impurity concent ration 

calcu l ated from Eq. (5.16) and neutral donor concentration, therefore, 

imp li es density of lattice defects. These defects will affect the 

crystallinity of Cl-doped ZnSe layers. Figure 5.4 shows influ ence of 

lattice defects (Nn - N~) on crystallinity of the layers. With increasing 
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lattice defects, FWHMs of x-ray rocking curves for Cl - doped layers 

increase. Lattice defects in the electron scattering presumably include 

inactive Cl atoms observed for heavily doped ZnSe (see Sec. 2. 3.2), 

vacancies and their complexes (CI donor-vacancy). 

300 

Z nS e:CI 

-;; /-u 200 . 
-~· ::; 

J: 
~ 
u. 100 

1 Q17 1 Q11 

FIG. 5.4. FWHMs of x-r ay rocking curves for Cl-doped ZnSe 

layers as a function of difference between neutral impuri ty 

concentration and neutral donor concentration at 77 K. 

5.3. Donor concentration dependence of photoluminescence properties 
14 

Photoluminescence spectra from undoped and C l -doped ZnSe l aye r s 

at room temperature (RT) are shown in Fig. 5. 5. Undoped layer exhibits 

band-edge emission around 2.689 eV (461 nm) . Deep-level emission in 

500-700-nm range is scarcely observed, indicating the absence of deep 

centers such as the self-activated centers. For the C l -doped ZnSe layer 
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FIG. 5.5. Room-temperature PL spectra f rom undoped and 

Cl-doped ZnSe l ayers. 
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F IG. 5.6. Room-temperature PL peak intensity v.s. carrier 

concentration for DF and deep-level emissions from Cl

doped ZnSe layers. 
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with n300K = 5.2xto 17 cm-3, the band-edge emission significantly increases; 

the intensity is !600 times greater than that of the undoped layer. (Refer 

to the scale factor indicated in Fig. 5.5.) For n300 K = 4.6xi0 18 cm-3, 

however, broad deep-level emission around 2.15 eV (580 nm) increases and 

overcomes th e band - edge emission. The peak intensity of th e band - edge 

emission and that of th e deep-level emission are planed in Fig. 5.6 as a 

function of carrier concentration at room temperature. It can be seen in 

this figure that the band-edge emission remarkably increases with 

increasing doping level and shows a maximum around n300K = (5-IO)x i0 17 

cm-3• I t has been found that the maximum intensity of the band-edge 

emission is 4 times larger than that of our Ga-doped ZnSe layers grown 

at the optimum condition. 28•29 The deep- level em ission also increases with 

increasing the doping level, but is cons iderably weaker than the band

edge em ission even at n300K 5. 2xi0 17 cm-3. These results suggests that 

Cl is supe ri or to Ga as an n-type dopant in terms of the op ti cal 

property as well as the electrical property. Intensity of the band-edge 

emission relates to the CJ doping level as shown in Fig. 5.6. The peak 

energy at 2.689 eV observed at room temperature is smaller than the 

band-gap energy of 2.715 ev3° by 26 meV, which agrees wel l with the CJ

donor ionization energy of 26.2 meV. Therefore, the room-temperature band

edge emission can be atcributed to recombination radiation between an 

electron trapped at a Cl donor and a free hole in the valence band (DF). 

The or igin of the deep-level emiss ion is uncertain a t present, but 

probably is related to the latti ce defects such as complex cente rs 

involving Cl atoms associated with vacancies suggested in the previous 

section. 
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5.4. Screening and Stark effects due to donors on excitons 

Figure 5. 7 shows PL spectrum at 4.2 K measured for CJ-doped ZnSe 

with Tc1 = 150 •c. The peak of which is at 2.801 eV is due to the 

ground-state free exciton. The presence of the distinct Ex line indtcates 

good crystallinity of this epitaxial layer. The figure shows other several 

::i 
..i 
>
f-
Ui 
z 
w 
f
;?: 

-' a. 

440 

I~ 

ZnSe:Cl 

Tc1= 150°C 

4.2K 

700 

FIG. 5. 7. PL spectrum measured at 4.2 K for Cl-doped ZnSe 

grown with the ZnCI 2 cell temperature of 150 •c. 

intense emissions; in particu lar, a dominant peak at 2. 795 eV is the light

ho le (I h) branch of 12 em i ssion, and 2. 798-eV peak is the heavy-hole (hh) 

branch. The donor-acceptor pair emission (DAP) around 2. 7 eV (460 nm) was 

not observed, indicating that there is no acceptor impurities. PL spectra 

in exc itonic emission region measured for the sample with different doping 

levels a re shown in Fig. 5.8. Intensity of the 12 emission (light- and 

heavy-hole branches) remarkably increases in the range up to T CJ = 200 

•c. The ratio of the intensity for TCI = 150 •c to that for TCI = 200 •c 
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is found to be 1 50. This value is in good agreement with the ratio of 

ZnCJ 2 vapor pressure at these temperatures. This fact indicates that Cl 

atoms are effectively doped as shallow donors and originate 12 emission. 
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FIG. 5.8. PL spectra in excitonic region measured at 4.2 K 

for Cl-doped ZnSe layers. Dashed lines show calculated 

line shape of 12 emission. 

12 emission shifts toward higher energy at the heavier doping level 

together with asymmetric broadening with tail extending to lower energy. 

These phenomena are remarkable for the samples having the car ri er 

concentration greater than that of Mott transition, i.e., NM 5.6xl0 17 cm-

3. A similar fact was observed by Tsang et a1. 3 1 for GaP crystals and by 

Kukimoto et al. 32 for CdS crystals. The phenomena for ZnSe have been 

observed for the first time in this study because of the success of the 

growth of low-resistivity n-type ZnSe. 
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The observed peak shift of 12 emission toward higher energies with 

increasing donor concentration corresponds to the decrease in the binding 

energy of the exci ton s. 32 •33 Further understanding of this phenomena 

requires consideration of the shift of band edges owing to the high 

density donors . Such an edge shift has been frequently discussed in 

relat i on to impurity conduc ti on phenomenon as well as to optical 

trans i tions near band edge at high impurity concentrat i on . However, the 

direct experimental evidence for it has never been reported so far. 

Hanamura
33 

has shown that the edge shift of both the conduction and 

valence bands can be regarded to be negligibly small . This characteristic 

behavior of the binding energies of bound exci tons is well interpreted in 

terms of the screening effect of donor electrons on excitons. 

The 12 emission is remarkably broadened beyond the excess donor 

concentration of Matt transition, and with increasing donor concentrations 

the line shape becomes quite asymmetric with a tail toward the low energy 

side of the peak. Such an anomalous spectral shape is not explained by 

the usual phonon-assisted transition. The samples involve cons iderable 

numbers of charged impurities. Then the Stark effect due to these 

cha r ged impurities is of p rim ary importance since it is d i po le-monopole 

interaction. The fol l ow in g discussion shows that the observed asymmetric 

broadening phenome non of 12 emission i s interpreted as being caused by 

this Stark Effect. 

The asymmetric broadening of 12 emission is treated theoretically in 

terms of the Stark effect due to charged impuri ties. Owing to Hanamura's 

theory, the e ne r gy o f a bound exciton i s lowered. It is assumed that 

among charged impur i ties distributed at random in the crystal only the 

one which i s located nearest to a bound exciton contributes to the Stark 

effec t on that bound exciton. The nearest impu rity obeys the Po i sson 

distr ibution. Th en, the spect r al line shape of the 12 emission, expressed 
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by I(E) in which E 1s the absolute value of the shift of the energy of 

the bound exci ton which is affected by the screening effect, is given by33 

I( E) CAE-7/ 4 exp( - 4/3AE-3/4) 

(5.18) 

Here, Ni is the ionized impurity concentration, a~ and Eio are the 

effective Bohr radius and binding energy of intrinsic exciton, respectively, 

and C is a proportionality constant. The fit between the experimental and 

theoretical spectra was tested by taking Ni as an adjustable parameter. 

This was done so as to obtain the best fit at the peak and at the low 

energy region. The results are shown in Fig. 5.8 for three samples with 

high donor concentrations. As is seen in the figure, the fit is quite 

satisfactory except for the high energy side. It can be concluded that 

the peculiar line shape observed for samples with high donor 

concent ration s is due to the Stark effect of charged impuriti es . The 

ionized impurity concentrat ions Ni thus determined are 5. Sx I 0 17, 3.0x I 0
18 

and I.Ox\019 cm-3 for samples with TCI = 200, 225 and 250 •c, respectively. 

These samples are degenerated, samp les with T C\ = 225 and 250 •c in 

particular are fully degenerated. Since 4.2-K resistivities of these samples 

were almost constant, car rier concent rations may be constan t. The charged 

impurity that causes the Stark effect is ascribed to ionized CJ donors. 

This result confirms that the assumption of Ni = n in Eq. (5. 11 ) is valid. 
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6. I. Introduction 

Alth o ugh there has been plent y of reports which claimed the 

rea lizatio n o f p-type ZnSe such report s except for Li-doping have been 

poorly reproduc ible. Park et at. 1 reported in 1971 on hole concentration of 

2.7xl0
9 

c m- 3 and Hall mob ilit y of 23 cm 2/(Vs) at room temperature. 

Nishizawa et a1. 2 improved the hol e concentration up to 3.0xto 15 c m -3, 

then the mobility was 20 cm 2/(Vs). The highest hole concentration of Li

doped ZnSe was limited to the o rder of 10 15 cm-3. Preparation of highly

conductive p- t ype Z nSe has already been studied. Therefore, e lec tri ca l 

and opt ica l properties of p- t ype ZnSe have not been investigated in this 

st udy. 

Nitrogen is the most promising e le ment for p-type dopan t of ZnSe 

considering the absence of formation of deep levels and no N-diffusion in 

ZnSe. Diffusion is one of the most important issues for device application. 

Doping of N in mol ec ul a r beam ep itax y (MBE) process is very diffic ult 

because of the low-sticking coe ffi c ie nt of N 2 and NH
3 

molecules. The 

author has achieved enhanced-incorporation of N impurities in MBE-grown 

ZnSe layers e mploy ing low-energ y ion doping (Nz, N+). 3•4 Altho ugh low

temperatu re photoluminescence (PL) showed ideal spectrum with dominant 

neutra l acceptor-bound exciton emission (1 1) in fig. 4.4 (b), N-doped ZnSe 
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layers had large resistiv it y. The relationsh i p between PL and e lec tri ca l 

prop erti es is not well understood. To date articles of p- t ype ZnSe report 

elect rical propert ies and/o r low-temperature PL properties, but tll ey did 

no t di scuss th e relationship bet ween th ese 

temperature PL measurement reveals acceptor 

this is not evidence o f p-type condu c ti on . 

usual l y measured above 77 K. However, 

measured below 77 K, typically 4.2 K. 

PL 

Highly conduc ti ve p-type ZnSe 

import ant prop erti es. Low -

ionization energies, S- l 0 but 

Electr ical properties are 

propert ies reported were 

heteroepltaxJai 11 - 15 and 

homoepitaxial 14 - 17 layers have been grown by MBE us1ng active-nit rogen 

doping as shown in Sec. 2. 3. 4. The p-type ZnSe exhibi ts high carrier 

concen tration and intense photoluminescence is observed even at room 

te mperature. This chapter will discuss optical and electrical properties 

and their relationship. 

6.2. Nitrogen-concentration dependence of photoluminescence properties 

Lightl y and heavily N-doped ZnSe layers have been grown by 

act ive-nitrogen doping. The lightly doped laye r ex hibit ed high r es i stivity 

of 1.5xt05 Clem with a free hole concen tration estimated at 4xl0 11 cm-3 

assuming a mobility of 110 c m2/(Vs). Heavily N-doped ZnSe layers showed 

p-type conduction with a hole concen tration of I.Ox 10 17 cm-3 at 300 K. 

Figure 6.1 shows PL spectra from the lightly N-doped layer and the N

doped p-type layer at 12 K. The lightl y N-doped ZnSe layer shows a 

dominant light-hole branch of 11 emission at 2. 789eV and weak donor 

acceptor pair emission (DAP) at 2.694 eV for th e zero-phonon peak. The 

spectr um indi cates that ac ti ve-nitrogen s are inco rpor ated as N acceptors 

in ZnSe and donor conce ntr atio n is ve ry low. With increasi ng N acceptor 
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FIG. 6.1. 12-K PL spectra from (a) lightly N-doped ZnSe 

layers with hole concentration 4xi0 11 cm -3 and (b) N

doped p-type ZnSe layers with hole concentration of 

l.Oxl0 17 cm-3• 

concentration, the intensity of DAP emission increased and 11 emission 

decreased. Typical PL spect ru m from p-type ZnSe grown by active-nitrogen 

doping is show n in Fig. 6.1 (b) Th e p-type ZnSe layer with hole 

concent rat ion of lx 10 17 cm-3 exhibits st rong DAP emission at 2.679 eV. 11 

em ission was very weak, of the order of 10-2, compared with intensity of 

the OAP emiss ion. Dominant DAP emission suggests that the p-type ZnSe 

layer is co mpe nsated by donors. Although conve ntional peak position of 

DAP emission is around 2. 70 eV such as in Fig. 6.1 (a), p-type ZnSe grown 

by active-nitrogen doping shows at 2.68 eV for zero-phonon peak of DAP 

emission . Peak energy of DAP emission is given by Eq. (3.4) as follow, 
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(6.1 I 

where Eg, EA and Eo are band-gap energy, acceptor ionization energy and 

donor ionization energy, respectively. EA for a N atom in the Se site 

(Nsel i s Ill meV determined by Dean et a1. 9 The last term is the Coulomb 

term. Since nitrogen concentration measured by secondary ion - mass

spect rometry (SIMS) is smaller than 10 19 cm-3 , Eg and EA may not be 

unchangeable by the alloy e ffect. The decrease in DAP peak ene r gy may 

be due to Eo or the Coulomb term. The pair separation R decreases with 

increasing acceptor concentrations, and the Coulomb term will increase. 

The change in the Coulomb term, therefore, can not be interpreted as the 

decrease of 1lw DAP by 20 meV. The decrease shou ld be ascribed the donor 

ionization energy E0 . Thus Eo is as large as 50 meV. Such a deep donor 

is unknown so f ar since donor ionization energies of g roup Ill and VII 

el e ments have 25-30 m eV as shown in Table 1.2. Nitrogen incorporated 

would be responsible for the de ep donors. There are a few possible 

donors: (I) a N donor in the Zn site (Nznl• (2) a Nzn-Nse complex, (3) a 

Nse-Se vacancy co mpl ex, (4) an inte rstiti al N donor. Except for donors 

expected at deep levels, Stark e ff ect of ionized impurit y on a donor 

electron and/or an acceptor hole is also possible for the low energy DAP 

emission of 2.68 eV. Further study will be needed to find out the reason 

for the 2.68-eV DAP emission. 

Peak intensity of DAP emission depends on N concentrat i on (INJI 

evaluated by SIMS ana l ysis as show n in Fig. 6.2. INI of ever y sample i s 

greater than 1x10 18 cm-3. Thus PL properties are dominated by DAP 

emission as in Fig. 6.1 (b). The maximum N concent ration has reached as 

high as about 1x10 19 cm-3 since an active nitrogen has a high st icking 

coefficient. The peak intensity of DAP emi ssion decreases with increasing 
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INI, indicating that nonradiative centers are induced by the doping. The 

sa mple with INI < 3xi0
18 

cm-3 showed p-type conduction . More heavily

doped layers (INI > 3xi0
18 

cm-31 did not exhib it p-type conduc tion. 

Considering the abrupt decrease of the DAP peak intensity around INI = 

3xi0
18 

cm-
3

, the carr ier traps related to nonradiative centers are 

probably crea ted by the overdoping. 
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FIG. 6.2. Peak intensity of DAP emission from N-doped ZnSe 

layers with various N concen trat ions. 

6.3. Impurity levels in nitrogen-doped homoepitaxial layers16 

Low-temperature PL spectrum from a N-doped p-type ZnSe 

homoepitaxial layer with car ri er concentration of 8.9xl015 cm-3 is shown in 

- 99 -



>-
1-
iii 
z 
UJ 
I
~ 
_J 
Q_ 

440 442 

'• 
2.793 1 eV 

I 

ZnSe:N/ZnSe 
12 K 

------ Reflection 

444 446 448 

WAVELENGTH (nm) 

450 

FIG. 6.3. 12-K excitonic emission and reflection spectra 

from N-doped p-type ZnSe homoepitaxial layer with 

p300K = 8.9xi0 15 c m-3. 

Fig. 6.3 and 6.4 . The p-type N-doped homoepitaxia1 layer exhibits strong 

1
1 

and DAP emissions. Weak recombination emission between a free electron 

and an acceptor hole {FA) was also observed. Recombination emission 

between a donor electron and a free hole (OF) was not observed at 12 K, 

and appeared above 100 K. 16 Although 11 em iss ion from N-doped 

heteroepitaxial layers is split and shift by biaxial strain and exhibit two 

peaks, the I 1 emission showed a single peak with narrow FWHM of 1.2 meV. 

The peak energy 2. 7931 eV of 11 emission is strain-free energy of 11 

emission related to a nitrogen acceptor. Weak peak at 2.804 eV is free 

exciton emission (Ex) which is confirmed by an exciton resonance dip in 

reflection spectrum in the inset of Fig. 6.3. DAP emission from the 

homoepitaxial layers has typical peak energy around 2. 7 eV. Homoepitaxial 

layers have fairly good crystallinity which may suppress the creation of 

the deep donors. 

Since homoepitaxial layers are free from strain, the peak energies 
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FIG. 6.4. Photoluminescence spectrum from N-doped ZnSe 

homoepitaxial layer at 12 K. 

of DAP, FA and OF emissions are not shifted by biaxial strain . Using 

these peak energies , therefore, EA and Eo in N-doped ZnSe and the 

Coulombic term can be calculated from Eqs. (3.5,6) as follows, 

(6.2) 

(6.3) 

Band-gap energy Eg is ca lculated by using the equation 

(6.4) 

where the second term is the exciton binding energy derived from Eq. 

(3.3). The first term of free exciton energy E,. was obtained by Shirakawa 

et al. 18 for the bulk ZnSe single crystal as follows, 
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Ex 2.804 - 8. 59x I0-4 T2/(T + 405) [eV]. (6.5) 

Peak e nerg ies of OAP and FA emissio ns used were 2. 697 and 2. 7 13 eV , 

respectively, fro m 12-K PL spec trum i n Fi g . 6. 4. Peak ene r gy o f OF 

emission was 2.687 eV at 300 K since OF emi ssion was no t obser ved in the 

12 -K P L spectrum f r o m t he N-doped Z nSe ho m oe pit ax i a l l ayer. Th e 

acce pt or and dono r bindi ng energ i es and th e Cou l o mbi c t er m we r e 

c alculated t o be EA = 112.5 meV, Eo = 31.5 meV and e
2

/ (4m:sR) = 16 meV, 

r espec tively . The acceptor ioni za tion energy i s in good agreem ent with the 

value in Table 1.3 o f Ill meV det ermined by ano ther optic al measure ment. 

The Eo i s al so a r easonable value of a shallow donor. The Coulombic t erm 

energy indicates the donor-acceptor pair separation R o f about 100 A. 

6.4. Electrical properties 

There are two problems in electrical measurements. The first problem 

is the influence of subst r ates. Every p-type ZnSe layers have been grown 

on GaAs substrates so far. In this case, there is a possibility of 

measuring p-t y pe GaAs in the ZnSe/GaAs heterointerfac e by Zn diffusion 

into GaAs substrate from ZnSe layer, i.e., a Zn atom in a Ga s ite ac ts as 

an acceptor. The second possibility was pointed out by Neumark
19 

that 

twinning caused p-type conduction. Therefore the best way to confirm p

type ZnSe would be to measure p-type conduction in homoepitaxial layers 

without twinning. 

The advan ta ge o f using ZnSe substrate i s th a t el ectri c al prope rti es 

and opti c al pro pe rtie s of N - do ped ZnSe laye r s ca n be m easured without 

being affect ed by strain or diffusion from GaAs substrate. ZnSe substrates 

used were (100) oriented with high resistivity (> 106 Ocm) and wer e free 
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f ro m twinn i ng . N-doped ZnSe homoep i taxia l l ayers ex hi b i ted p- t ype 

co nduc t io n i n H a ll m eas u re m en t. Free ho l e co ncen trat i on o f t y pi ca l N 

doped Z nSe homoepitax i at l ayer w i t h unoptimi sed doping condition was the 

order o f 10 16 c m -3. The r esul t provides the ev idence o f p-type conduc tion 

in N-doped ZnSe grown by M BE using the acti ve-nitrogen beam. 

The N co ncen tr ati o n depended on var i ou s pa r am e t e r s. T he r e i s a 

ten de ncy th a t a l o w e r pressure o f th e di sch ar ge ce ll ca u ses hi g he r N 
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FIG. 6.5. Carrier concentration v.s. Hall mobility for 

p- type ZnSe layers on GaAs substrates at 300 K. 

concentration and the N concentration increases with decreasing the beam 

flux rat i o of Jse/ Jzn· The pressure depende nc e suggests that the active 

nitrogen i s quenched by collision s with othe r nitrogens at the ground 

state. Although the background pressure was about lx 10-9 Torr, th e MBE 

chamber pressure at the active-nitrogen beam source operation was about 

lx I o-7 - 3x I o-5 Torr where the flow rate of N 2 gas was 0.0 I - 3.0 seem. 

The beam flux ratio dependence indicates that acceptors incorporated by 
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the active-nitrogen doping substitutionally replace Se lattice sites, i.e . , 

the acceptor is actually originated from nitrogen. The highest hole carrier 

concentration was as high as 1.5x l 017 cm-3 at the optimized cond ition of 

the beam flux ratio j Se/ j Zn and the N 2 flow rate. The N-doped ZnSe 

showed low resistivity of 3. 8 Ocm and Hall mobility of 11 cm 2/(Vs). The 

concentration of Matt transition of p-type ZnSe is as high as 4. 7x 10
19 

em-

3 calculated from Eq. (5. 1,2). Degenerated properties was not observed for 

the N-doped p-type ZnSe. Hall mobility increases with decreasing hole 

concentration as shown in fig. 6.5. 

Scattering mechanisms of holes are almost the same as that of 

electrons in Eqs. (5.5-15): 

(a) Pola r optical phonon scattering. 

llpo = 9.80x 10 1 (T/300)3/2 sinb( I 84/T)/K 1( 184/T) [cm2/(Vs) l 

(b) Piezoelectric phonon scattering. 

llpe = 3.44x i 04 (T/300)-! [cm2/(Vs)J 

(c) Acoustic phonon scattering. 

~ac = 9.69xi02 (T/30or312 [cm2/(Vs)J 

(d) Ionized impurity scattering. 

~ii = 1.70xi021 (T/300)312 

Ni 

X 7.43xlo 19;n (T/300)2 

ln( I +X) - X/( I +X) 
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(6.8) 

[cm2/(Vs)i (6.9) 

(e) Neutral impurity scattering. 

~ni = 1. 10x1021 

Nn 

(6.10) 

Phonon scatterings at 300 K give ~po = 50.8, ~pe = 34400, ~ac = 969 

cm 2/(Vs). Influence of polar optical phonon scattering is important for 

hole scattering. Many ionized impurity (including donor impurities) would 

exist in N-doped p-type ZnSe since PL spectra was dominated by intense 

DAP emission. Thus ionized impurity scattering may suppress the Hall 

mobility. Ionized impurity concentration Ni can be calculated by Eq. (6.9), 

assuming that neutral impurity scattering is negligible. Ionized acceptor 

concentration NA and Ionized donor concentration N[) are derived from 

The compensation ratio g = N[,!NA was calculated for p-type ZnSe. The 

compensation ratios of p-type layers with p = 1.0 and 1.5xi0 17 cm-3 in 

Fig. 6.5 were as high as 0.958 and 0.990, respectively. The compensation 

increases with the nitrogen density in ZnSe, and Hall mobility decreases. 

The dono r impu ri t ies with large Eo mentioned in Sec. 6.2 presumab ly 

contr i bute to the compensat ion . Ruda 20 has calcu lated hole mobility in 

ZnSe by so lvi ng the Boltz mann transport equation by the variat iona l 

method, and showed that ultimate limit for the hole mobility in ZnSe at 

300 K was be about 110 cm 2/(Vs). The highest Hall mobility we obtained 

was 86 cm 2/(Vs), and the va lue is fairly good value of the Hall mobility 

in ZnSe. 
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6.5. Relationships between electrical and photoluminescence properties11 - 17 

Electrical properties are usually measured at 300 K, but the above 

optical properties are measured at 12 K. High er temperature for PL 

measurements i s necessary to discuss the relationships between e lec trical 

and PL properties. 

Figure 6.6 shows temperature dependence of PL spectrum from the N

doped p-type ZnSe layers with hole concentration of lxlo 17 cm-3 at 300 K. 

With increasing temperature, FA emission increases. Strong FA emission was 

observed even at 100 K. In the case of N-doped ZnSe that does not 

p - typ e ZnS e 

p(lOOK) = lx10 17 cm-l 

4 00 450 50 0 

OAP 2.679 eV 
I 

DAP 2.677 eV 

I 

300 K 

550 600 

WAVELENGTH (nm) 

FIG. 6.6. Photoluminescence spectra from N-doped p-type 

ZnSe layers at various temperatures. 
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exh ibit p-type conduction, FA emission was quenched at temperatures below 

I 00 K. 
4 

High acceptor concentration accomplished by active-nitrogen doping 

presumably mak es FA emission more intense. N-doped ZnSe with strong FA 

e mi ss ion above 100 K usuall y exh ibit ed p-type conduction at room 

temperature. FA emission was observed even at 300 K as shown in Figs. 6.6 
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FIG. 6. 7. Room-temperature PL spectra from (a) p- type, 

(b) n-type and (c) high-resist i v i ty ZnSe layers. 

and 6. 7, F i gure 6. 7 sho w s PL spect r a f r om N-doped p-type, C l -doped n

type and undoped high-resistivity ZnSe l ayers at room t emperature. T he 

dom inant peak at 2.687 eV in each samp le is DF em ission. Undoped ZnSe 

ex hib i ts weak OF emission. Intensity of OF emission increases with 

i ncreasing donor concentration. OF emission from n-type ZnSe is very 

strong. With respect to p-type, an em ission at 2.6 16 eV was observed only 
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for p-type ZnSe. Temperature dependence of PL properties indicates that 

the 2.616-eV peak is FA emission . Observation of st rong FA emission 

suggests high acceptor concentration which is an evidence of p- type ZnSe 

layers. 
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CHAPTER 7 

CONCLUSION 

In this thesis, photoluminescence and electrical properties of 

impurity-doped ZnSe layers have been investigated and discussed from a 

fundamental point of view. The breakthrough of achieving amphoteric 

doping which provides highly conductive p- and n-type ZnSe layers made 

it possible to study the physical properties of p- and n-type ZnSe 

layers. The results and concl usions obtained in this study are summarized 

as follows. 

(Chapter I) 

Basic physical properties of wide band-gap II-VI compounds were 

described comparing with 111-V compound. Difficulty in amphoteric doping 

of II-VI compounds was the reason why the compounds were not understood 

well so far. 

(Chapter 2) 

MBE growth and amphoteric doping of ZnSe layers were studied in 

detail. The optimum growth temperature of high-quality ZnSe layers was 

determined by electrical mobility and band-edge PL emission . ZnSe 

homoepitaxy was successfu ll y ach ieved by the novel treatment of Z nSe 

substrates using dry etching with BCI 3 plasma. The homoepitaxy 

provided strain-free ZnSe layers with fairly good crystallinity. A FWHM of 

an x-ray rocking curve reached 21 arc s that was the narrowest FWHM 
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ever obtained for ZnSe layers. 

Ga doping for n-type and high-purity Nz ion doping for p-type 

have supplied samples exhibiting dominant neutral donor-bound exciton 

em ission (12) and dominant neutral acceptor-bound exciton emission (I 
1 

), 

respectively. 

Successfu l growth of degenerated n-type and highly conductive p

type ZnSe layers was accomplished for the first time by Cl doping and 

active-nitrogen doping, respectively. Electron concentration for Cl-doped 

ZnSe was reached the order of 10 19 cm-3 where the resistivity was as low 

as I o-3 
Ocm. Active nitrogen generated from an rf plasma source was 

identified as a N2 (A~) metastable by plasma spectroscopy. Since a N
2 

molecule at the excited st ate has high sticking coefficient compared with 

that at the g round state, high-density incorporation of nitrogen was 

achieved. It was found by SIMS analysis that diffusion of N and Cl atoms 

in ZnSe during growth was neglig ible. 

(Chapter 3) 

Experimental apparatuses for PL, reflection and Hall measurements 

were described in this chapter. Basic opt ica l transit ions were also 

mentioned in detail. 

There i s no metal for ohmic con tac t to p-type ZnSe. Pt electrodes 

being sputter deposi ted on an Ar plasma-etched area was proposed for the 

contact. Then p-type conduction of N-doped ZnSe l ayers prepared by 

act i ve-nitrogen doping was measured for the fi r st time us i ng the Pt 

e lec trode s. Drastic decrease in contact re si stance to p-type ZnSe was 

realized by the Pt elect r odes. Possible exp l anation of the result is that 

Pt had the lowest Fe rmi leve l in metals and furthermore deep levels 

introduced by the Ar plasma etching would act as the recombination 

center for cu rren t. 
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(Chapter 4) 

The purpose of the st ud y described in this chapte r is to find out 

the origin o f split in exciton luminescence. 

L at ti ce parame t er and biaxial st r a in a t l ow temperature h ave been 

calculated, considering Jauice mismatch and the difference in the thermal 

cont r ac ti on between ZnSe and GaAs. The valence band was split into 

light- and heavy-hole branches by biaxi al str ain parallel to the 

heterointerface. The feature of th e valence band sp lit was in good 

agreement with th at of the split o f both 11 and 12 emissions observed for 

ZnSe het e roep it axia l laye rs on GaAs sub st ra tes. Comparison of impurit y

doped ZnSe homo and he teroepitaxi a l l ayers conf irm ed th e va lidit y this 

theory . Temperature dependence of intensity rati o o f light- and heavy

hole branches of bound exciton emission was interpreted by th i s theo ry. It 

was found that the lx emission generally report ed in n-type ZnSe 

he teroepitaxial layers was a light-hole branch of usual lz emi ssion. 

(Chapter 5) 

The detailed study has been conducted to understand electrical and 

optical properties of Cl-doped n-type ZnSe l ayers. 

Degenerated n-type ZnSe with e lectron concentration greater than 

that of Mott transition was realized for the first time by C l doping. The 

· has reached the order of 1019 c m-3 which i s highest carrier concentranon 

two orders of magnitude greater than that of Ga-doped ZnSe. Study of 

electron scattering mechanism has shown th at the main scattering at high 

t emperature i s due to polar optical phonon sca ttering and th e main 

sca ttering at low t e mperature i s neutral impurit y sca tter ing. Since 

homoepitaxi a l layers had few lattice defec t s, its neutral impurity 

scattering was smaller compared with heteroepitaxial layer s. 
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Effect of such high e lect r on concen trat i on on PL property of ZnSe 

was observed for the first time. 12 e mi ssion shifted to higher energy 

t oge ther with asy mmetric broadening with tail ex t ending to lower energy. 

The phenomena were interpreted by the screen ing and St ark effect s: the 

screening effect decreased the binding energy of excitons and the Poisson 

distribution o f ionized impurities fr om an exci ton reflected in th e line 

shape of 12 e mi ss i on through the Stark e ffe c t. Ioni zed impurity 

concentration for degenerated ZnSe was determined by fitting theoretical 

calculation t o the spect r a obtained by experiments and the ionized 

impurity concentration was in good agreement with electron concentr ation 

which i s equal to the ionized donor concentration. 

(Chapter 6) 

This c hapter described the study of electrical and optical 

properties of N-doped p -type ZnSe layers prepared by active-nitrogen 

doping. 

High concentration of free holes for N-doped ZnSe layers was 

observed in Hall measurement. The highest hole concent ration at 300 K was 

greater than lxi0 17 cm-3• The mobilities varied from II to 86 cm 2/(Vs) 

depending on hole concentration. It was found that the compensation was 

increased with increasing nitrogen concentration. The compensation ratio 

was greater than 0.9 for highly-conductive p-type ZnSe grown by active-

nitrogen doping. 

Anomalous zero-phonon peak energy of donor-acceptor pair emission 

(DAP) from N-doped p-type ZnSe was observed at 2.68 eV which was 

smaller than the energy commonly observed at 20 meV. The difference was 

ex plained to be due t o deep donors (ionization energy 50 meV) which 

would be responsible for the compensation. 

It was found that high N concentration greater than 3xi0 18 cm-3 
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introduced nonradiative centers that acted as carrier traps, thus p-type 

ZnSe was obtained for the N concentration less than 3xto 18 cm-3• It was 

pointed out that observation of radiat i ve recomb in ation between a free 

electron and an acceptor hole (FA) at high temperature (> 100 K) was the 

distinctive feature of p-type ZnSe. The intense FA emission indicates that 

many nitrogens act as acceptors. 

PL properties of n-type and p-type ZnSe layers revealed the 

physical information about impurity levels, lattice defects and effect of 

strain. Electrical properties exhibited activation of impurities and 

scattering mechanisms in wide band-gap 11-Vl compounds. Information 

obtained for physical properties of p-type and n-type ZnSe provided a 

fundamental understanding of wide band-gap 11-Vl compounds. The 

breakthrough which enabled the r ealization of amphoteric doping of ZnSe 

has made it possible to use wide band-gap II-VI "compounds" as a real 

"semiconductor" materials for a variety of useful applications. 
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APPENDIX 

APPENDIX A. 

Preparation of ZnSe substrates for homoepitaxy 

A.l. Dry etching of ZnSel,2 

The dry etching was carried out in an etching system with parallel 

e l ectrodes. BCI 3 gas (99.9999 %) was used as a reactive gas, and the 

pressure was varied from 7 to 95 mTorr at power density of I. I W/cm 2 of 

radio-frequency. The ZnSe substrates were positioned on a quartz plate 

on water-cooled cathode. 

ZnSe can be etched by BCI 3 plasma, and the gas pressure 

dependence of the etching rate is shown in Fig. A.l. Mechanism of the 

etching would be mainly due to chemically enhanced physical sputtering,3 

i. e., chlorine radicals make a ch loride layer on surface, then the chloride 

layer i s sputtered by i ons which may be chlorine ions. The etching rate 

gradua ll y increased with increasing the pressure, then the rate decreased 

abruptly above 60 mTorr. The inc r ease in etch ing rate may be ascribed to 

increase both in the chlor ine radicals and ions, and decrease in rate is 

due to decrease in the ion energy for sputter ing because higher pressure 

makes the mean free path of ions shorter . The most rapid etching rate, 

30-50 ~m/h, was obtained at 60 mTorr. The dry-etched substrates exhibited 

mirror -like surface morphology even after 1 0-J.lm etching. The Se residue 
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FIG. A.l. Etching rate of ZnSe v.s. BCI3 pressures. 

often observed on chemically etched surface did not exist. 

Polishing damage can be observed in PL measurement since the 

damage has a few microns in thickness. Low-temperature PL spectra from 

as-polished and etched ZnSe substrates are show in Fig. 2.5. Drastic 

changes were observed before and after the dry etching: intensity of the 

donor-acceptor pair recombination emission (DAP) increased by 10 times, 

exciton emissions including free exciton emission (Ex) at 442.2 nm (2.804 

eV), neutral donor-bound exciton emission (12) at 443.1 nm (2. 798 eV) and 

neutral acceptor-bound exciton emission 0 1) at 443.9 nm (2. 793 eV) clearly 

appeared and the peak intensities remarkably increased by about l 00 

times. The polishing damage would have many nonradiative centers which 

might act as dee p le ve l induced by degradation of crystallinity. 

Ther efore, t hese changes observed here in the PL properties give evidence 

th at th e polishing damage was e liminated by the dry etching. 
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A.2. Thermal etching2 

In sp i te o f t he e limi nat i on of t he po li shing damage, a dry etchi ng 

new ly creates p l asma damage on a subsurface o f th e subst r a t es. 4 In t hi s 

case, the p lasma damage wou ld consis t of ion-induced lattice damage and 

a res id ua l chlori de layer. The PL analys i s tha t can detec t th e po li sh i ng 

damage ex t end ing to a few microns in depth is impossible to appraise t he 

subs urface, i.e . , a few a t omic l aye r s. Thus qua lity o f t h e subsurface was 

eva luated by studying a homoepitax ial layer which inherited t he nature o f 

t he few upper ato mic layers of t he surface. 

T hermal e tch ing is a significan t treatment o f ZnSe substrat es a fter 

dry et ch i ng. The t hermal et ch ing condition was studi ed by r e fl ect ion high-

[ '111] azimuth 

( a ) 600 °C 

(b) 680 °C 

FI G. A.2. R HEED patterns a long 11111 direction of dry

etched ZnSe substrate at (a) 600 o C and (b) 680 o c. 
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energy electron diffraction (RHEED) observation. A streaked RHEED pattern 

from the ZnSe substrate etched at the pressure of 60 mTorr was obser ved 

before the thermal etching both at elevated and room t emperature. This 

RHEED pattern c hange d to more sharp streaks by the thermal e tching 

above 440°C, At this t emperature, the plasma damage on the surface would 

be decomposed. Elongated streaky pattern of RHEED at 600•c is shown in 

Fig. A.2 (a). This pattern indicates high-quality surface . Spots shown in 

Fig. A.2 (b) appea red above 650°C. ZnSe was supposed to be decomposed at 

the temperature, then Zn islands were formed on the surface. It was found 

that the thermal etch ing was effective to obtain c lean and smooth surface 

1n the temperature range from 440 to 650°C. 

A.J. Optimum etchi ng condition2 

Observation of the surf ace roughness was made by a Nomarski 

microscope. Nomarsk i microphotog raphs of ZnSe substrates and layers are 

shown in Fig. A . 3. Scra t ched lines are seen on surface of as-polished 

subs trates, but the Nomarski mi croscope is not able to see the polishing 

damage on the surface. The scratched lines were created during the 

polishing process. Surface morphology of the dry-e t ched subst r a t es 

depended on th e BCI 3 pressure at the dry etch ing. The subs trates etched 

in 7 and 33 mTorr exh ibit many circle dips and scars of th e scrat c hed 

lines. The dips w ere posit ioned in a row. It was f o und by co mpari so n 1n 

morphology between hom oep itaxial layers and tho se substr a t es that th e 

row was on a twin boundary. On the other hand, smooth surface 

morphology was observed at 95 mTorr: the sca r s of th e sc rat c hed l ines 

and the twin boundary were not detected. The homoepit ax ial layer on the 

substrate e tch ed a t 33 mTorr sho wed sca ly surface morphology . I t would 

BCI 3 

pressure 

7 mTorr 

33 mTorr 

95 mTorr 

As-polished sub. 

Dry-etched sub. Epi. layer 

FIG. A .3. Nomarski microphotogr aphs of as-polished ZnSe 

substrate, dry -etched subst rates and homoepi taxial layers 

on the substrates e tched at variou s I3CI3 pressures. 



be intrinsic morphology of the as-g rown (II 0) ZnSe. 

Crystallinity of the substrates and homoepitaxial layers was 

eva lu ated by double-crystal x-ray diffraction ana lys i s. F igu re A.4 shows 

FWHMs of (220) x-ray rocking cu r ves. The FWHM of th e as-pol i shed 

substrate was about 120 arc s, and it changed to 60 arc s af ter the dry 

etching. This rema rkable improvement is consistent with the change in the 

PL spectra shown in Fig. 2.5. As a FWHM of an epitaxial layer on an as

polished substrate was 146 arc s, FWHM of the polishing damage would be 

at least 150 arc s. The plasma damage is too thin to measure in this x

ray analysis. The actual substrate would show the FWHM of 60 arc s. The 

ZnSe/ZnSe( 110) 

BCI, PRESSURE (mTorr) 

FIG. A.4. FWHMs of x-ray rocking curves of (220) diffraction for 

ZnSe homoepitaxial layers v.s. BC\ 3 pressure at dry etch ing. 

FWHMs for as-polished substrate and homoepitaxial layer on the 

as- polished substrate are indicated by arrows. Dashed line shows 

typical FWHM for 10-IJm etched substrates. 
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FWHMs of the homoepitaxial layers on the dry-etched subst rates depended 

on the BCI 3 pressure in the dry etching. In spite of the thermal etching, 

th e residual plasma damage wo ul d ex i st on the subsurface. The smallest 

plasma damage will be ca used at 60 mTorr for the effective etching of 

ZnSe as shown in Fig. A.l. Very little plasma damage was decomposed by 

the therma l etching, then FWHM of the homoepitaxial layer grown on the 

substrate etched at this pressure reached 60 arc s. The FWHM is as 

na rrow as that of the substrates themselves. Higher quality of 

homoepitax i a l laye r i s possible to be obtained if higher-quality ZnSe 

single crystals a re used. (The best value of FWHM has r eached 21 arc s, 

see Sec. 2. 2. 2.) 

Observation o f surface roughness was made by a No marski 

microscope. Nomarski microphotog raphs of ZnSe layers a re shown in fig. 

A.5. ZnSe layers on (110) GaAs and (1 10 ) ZnSe subst r ates show sca l y 

surface morphology. The morphology is presumably intrinsic morphology of 

as-grown (110) ZnSe. Lines are observed in t he homoepitaxial layer on (1 10) 

ZnSe substrate. The lines are the boundary of sca l y morphology; the 

morphology shows different directions of scales before and after the line. 

The ang le between the different directions is about 70°. The angle is in 

good agreemen t with angles between (100) directions on the opposite side 

of twinning boundaries as shown in Fig. A.6. The ang le between (100)

directions is given by 

180 - 2arc cos(3-1j 70.52' . (A. I ) 

Therefore the line is the twinning boundary. ZnSe layers on (100) and (Ill) 

substrates exhibit smooth surface morphology. The layer on (100) substrate 

ha s good c rys tallinit y as mention above . However the la ye r on (Ill) 
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on GaAs on ZnSe 

( 100) 

(110) 

(111) 

fiG. A.5. Nomarski microphotograph of ZnSe layers on GaAs and 

ZnSe substrates with (100), (110) and (Ill) orientation. 

FIG. A.6. Plane indices of a zinc blende crysta l with twin. 
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substrate has poor crysta lli nity. Further study will be needed for the 

epitax ia l growth on (Ill) substrates. In view of application for devices, 

(100) epitaxial growth is promising because smooth surface and good 

crystallinity are obtainable. 
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APPENDIX B 

ZnSe p-n JUNCTION LEDs 

B.!. MBE Growth of ZnSe p-n junction 1 

The breakthrough of ach i eving amphoteric doping of ZnSe was 

accomplished by Cl doping for n-type conduction 2 and active-n itrogen 

doping for p-type conduction. Successful doping has made It possible to 

fabricate devices made by II-VI compounds, especially blue light-emitting 

diodes (LEDs)3 and blue laser diodes (LDs)4• 

The design of ZnSe LED structure is shown in Fig . B.l. ZnSe 

sing le-crystal subs trates used were grown using a vapor transport me thod 

and were (100) oriented and n-type (treated by Zn ex traction). The 

substrate was dry-etched by a BCJ3 plasma to remove polishing damage by 

10 )Jm in depth. S,6 Prior to the growth, dry-etched ZnSe substrate was 

thermally etched at 600 °C for 10 min under ultrahigh vacuum 1n a MBE 

chamber. The growth temperaLUre was about 325 oc. The beam flux ratio in 

p-type ZnSe:N 

n-type ZnSe:CI 

n-type ZnSe 

Substrate 

FIG. B. I. Schematic view of the cross section of a ZnSe LED. 
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atomic number was kept at Zn:Se = 2: I. A Cl-doped ZnSe layer was grown 

on the dry-etched substrate by MBE. Source materials used were ZnCJ
2 

powder, and elemental Zn and Se. The ca rri er concentration intended for 

the n-type layer was 5x!0 18cm-3. N-doped ZnSe layer was grown by using 

the active nitrogen doping during MBE growth. The substrate was 

irradiated with Zn, Se and active-nitrogen beams. Free hole concentration 

intended was the order of 10 16 cm-3. The p-n junction structure 

fabrica ted was p-ZnSe (1.3 lJm)/n-ZnSe (4.5 lJm)/n-ZnSe-substrate. 

After the MBE growth, ohmic contact to the n-type ZnSe substrate 

was made by an ln-Hg alloy followed by an annealing. The final steps of 

fabricating LED are sputter deposition of 1-mm Pt electrodes on p-type 

layer as described in Sec. 3.3. 

B.2. Characteristics of ZnSe LEDsl 

Current-vo ltage (1-V) characteristics were measured at room 

temperature. The ZnSe p-n junction LEDs exhibit good rectification 

properties as shown in Fig. B.2 (a). 

the fol lowing equation 

a iexp(qV/nkT) - 11 • 

The characteri stics was expressed by 

(B. I ) 

The eq uat ion fo r n = 2 i s shown in the solid line in Fig . B.2 (b). A plot 

of logarithm of current against fo r ward vo l tage is l i near in the c urrent 

range of up to I 0-6 A, and is in good agreement with the solid line for n 

= 2. This result ind icates that the current due to reco mbination between 

an electron and a hole is dominant in this range. With increasing current, 

the value of n increases owing to the series resistance effect. 
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p- n ZnSe LED 

RT 

-•oo_ '::,,-'---'---'-.I..-L....J_J__J.__j__J 

VOLTAGE (V) 

(a) 

FIG. 8.2. I-V characteristics of a ZnSe LEO at room temperature 

in (a) linear scale and (b) logarithm scale for the current. 

Photoluminescence (PL) spectra from the ZnSe:N/ZnSe:CI/n-ZnSe (the 

LEO sample) are shown in Fig. 8.3. Photoluminescence observed is emitted 

from the N-doped ZnSe layer since the top N-doped layer is as thick as 

1.3 urn for PL measurement. The 12 -K PL spectrum shows strong donor

acceptor pair em i ss io n (OAP) and weak neutral acceptor-bound exciton 

emission (1 1). With increasing temperature, recombination emission between a 

free electron and an acceptor hole (FA) increased compared with DAP 

emission. The 77-K PL spectrum is dominated by FA em ission. Peak energies 

of DAP and FA emissions are expressed by Eqs. (3.4 ,6) as follows: 

(B.2) 

(B.3) 

Using the peak ener gies of DAP emission at 12 K and FA emission at 77 K 

in Fig. 8.3, the acceptor and donor ionization energies are estimated to be 
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_J 

0.. 

OAP 2.698eV 
I 

DAP-LO 
2.667eV 

I 

OF 2.686eV 
I 

430 450 500 

(a) 12K 

X 1 

(b) 77K 

X 6000 

(c) 300K 

X 17000 

550 600 

WAVELENGTH (nm) 

FIG. 8.3. Photoluminescence spectra from a structu re 

ZnSe:N/ZnSe: Cl/n-ZnSe-substrate at 12, 77 and 300 K. 

EA = Ill meV and E0 = 25 - 30 meV, respectively. The EA calculated is 

the same as the value for an N acceptor determined by Dean et a!., 7 and 

the Eo also has a r easonable value as a donor impurity. 

Electroluminescence (EL) spectra from the ZnSe p-n junction LED are 

shown in Fig. 8.4. The current drawn was 0.2 rnA. Comparison with the PL 

spectrum at 77 K leads to the assignment of 77 -K EL emissions at 2. 775 

and 2.701 eV to be OF and FA emissions, respectively. These EL emissions 
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FIG. 8.4. Electrolurninescence spectra from a hornoepitaxi al 

ZnSe p-n j unct ion LED at 77, 110 and 300 K. 

would be gene r at ed at th e p-type ZnSe reg i on si nce C I- doped Z nSe has 

never exh ibit ed FA e miss ion. FA emi ssion gr adua ll y qu e nched with 

incr eas ing te mpe r atu re . Th e t 10- K EL spec t rum i s domina ted by OF 

emi ss ion. At room te mpe ra tur e of about 300 K, th e EL spec trum shows 

strong OF emission. Since other deep-l evel emi ssions were well suppressed, 

th e co l o r o f th e li gh t w as pu re blue f o r th e unaided eye. T he full width 

at h alf-m ax imum (FWHM) o f (400) x- r ay r ockin g c urve f or th e 
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homoepitaxial p-n junct ion layer was as narrow as 108 arc s, it was 

fa ir ly better than 270 arc s of p-ZnSe/GaAs heteroepitaxy3 . lligh quality 

of the p-n junction probab ly has suppressed deep-level emissions and has 

resulted in a narrow FWHM of 49 meV for DF emission at 300 K. 

CI doping for the formation of n-type ZnSe layers, newly deve loped 

active-nitrogen doping for p-type ZnSe laye rs, and excellent crystalline 

qua l ity owing to homoepitaxy lead to the realization of high quality LEOs 

in blue region by using ZnSe for the first t ime. 
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