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Source-material dependent growth limitations 
in unseeded dissociative sublimation of ZnSe 
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D- 12489 Berlin, Germany 

It has been found that besides temperature conditions, source-material composition (phase 
purity, impurity concentration and non-stoichiometry) dominates the quality of ZnSe 
crystals due to mass transport limitations and fluctuations. Therefore, without definite 
pretreatment, commercially supplied ZnSe source material is unsuitable for the physical 
vapour growth of ZnSe in closed systems. In this work the results of various characterization 
methods have been closely related to the optimal source preparation. For characterization of 
the non-stoichiometry of crystals, a qualitative relation between colour and zinc vacancy 
concentration has been established. 

1. Introduction 
Most progress in the development of blue-green light- 
emitting diodes has been based on ZnSe heteroepitaxy 
[1]. Because of the limitation of device lifetime, caused 
by defects arising from the hetero-interface [2], ho- 
moepitaxy substrates are of growing interest. Such 
substrates must be cut from high-quality bulk ZnSe 
crystals. Prerequisites for optimum homoepitaxy are: 
large single-crystalline area, no twinning, dislocation 
densities in the range 104-103 cm -2, and (1 00) ori- 
entation with a high surface finish. Concerning these 
optimal properties, in agreement with the results of 
Eagle Picher [33 the best results are obtained for ZnSe 
crystals grown by the vapour-phase methods, espe- 
cially physical vapour growth (PVT). In closed sys- 
tems, mass transport rates and crystalline perfection 
were found to be strongly dependent on source- 
material composition. In our laboratory source 
materials have been characterized in terms of phase 
purity, chemical purity and stoichiometry. The grown 
crystals have been investigated for their non- 
stoichiometry-dependent colour (Table I) and their 
mass-transport related morphological and defect 
structure. Initial results and evidence for the pzn-T 
phase diagram [103 were published elsewhere [113. In 
this context, the most difficult problem is the lack of 
quantitative analysis of non-stoichiometry, because 
the sensitivity of the usual methods is poor. 

2. Source materials 
For closed growth systems, the composition of the 
source material dominates the reproducibility of crys- 
tal growth. Precise control of source material com- 
position is required for well-defined transport and 
growth rates. Some commercial ZnSe charges, de- 
livered in powder form (size of grains 3-50 gm) or as 

pieces 3-6 mm diameter, were used. Without pretreat- 
ment, none of this material was suitable for growth 
experiments. Thus it was important to develop source- 
preparation techniques independently of starting ma- 
terial charges. 

It was found, that unreacted elemental phases and 
volatile impurities decrease source sublimation and 
are responsible for a dramatic lowering of transport 
rates during the growth process. Deviations from 
stoichiometry have the same effect, but less strongly. 

2.1. Phase purity 
Excess elemental phases in the sources have been 
analysed for zinc and selenium excess. 

(a) Zn excess. Yellow-green coloured powder was 
fired under crystal growth conditions for several days. 
Zinc excess, up to 2 at %, condensed in the cooler tip 
of the ampoule; the sinter process was incomplete and 
no ZnSe transport took place. 

(b) Se excess. Orange-coloured powder was oxi- 
dized in streaming oxygen, for x ~ 0.5 corresponding 
to the reaction 

2Znl xSex(s) + (1 + x) Ox(g) 

= 2(1 - x)ZnO(s) + 2xSeOx(g) (1) 

Selenium excess up to 0.2 at % was identified by 
gravimetry. 

By each method, only one kind of excess component 
can be identified. It was expected that the other com- 
ponent may exist in unreacted elemental form at the 
same time. Firing the powder at 700 ~ for several 
hours in a dynamic vacuum has been shown to purify 
the source material very effectively by evaporation of 
elemental components. 
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2.2. Impurities 
The ZnSe powders were of a 99.999% purity. The 
concentrations of the main impurities as determined 
by the supplier (copper and iron at 5 x 10 -4 mass %, 
nickel and cobalt at 5 x 10 -5 mass %) yields native 
defect concentrations (estimated from the phase dia- 
gram) of 1016 cm -3. There was no information about 
the carbon concentration, which was found by mass 
spectroscopy to be one order of magnitude higher. 
The highest concentrations of carbon were detected in 
pellets produced by chemical vapour deposition 
(CVD) on carbon glass substrates. 

Quantitative analysis of 100 mg samples was done 
by means of inductively coupled plasma-open emis- 
sion spectroscopy (ICP-OES). This method attains 
parts per million-level sensitivity for metals. Elements 
with atomic numbers lower than 11, especially carbon 

and oxygen, are not detectable. Results are listed in 
Table lI. 

Secondary ion mass spectroscopy (SIMS) was used 
for qualitative impurity analysis with lateral resolution 
of some micrometres and, in conjunction with sputter- 
ing a depth resolution in the submicrometre range 
(Table III). Surface contamination and impurity distri- 
butions (e.g. at grain boundaries in sintered source 
material residues) were analysed. In the bulk, no impu- 
rities were detected by SIMS (e.g. at a depth of 0.05 btm, 
no carbon and at 0.7 btm no silicon was found). 

2 .3 .  S t o i c h i o m e t w  
The stability range of the solid ZnSe phase in diagram 
Fig. 1 is extremely small and yields native defects (net 
vacancy concentrations) of 1016 cm 3 maximum, this 

T A B L E  I Published colours for various Znl _ySel+y preparation methods. SPVT, seeded vapour phase transport; SPOT, solid phase 
growth technique; IBD, ion beam deposition; EBE, electron beam evaporation; PB, phase boundary 

Colour Published techniques Present y 
and present results sample 

530 nm Polycryst./Se - Polycryst./PB concave Se - annealed 283b > 0 
green annealed 800 ~ PVT [6] 30 d, 900 ~ 

(SPOT) [5] p-type [8] 

Yellow green Polycryst./Se - Polycryst./pzn rain in the t> 0 
annealed (PVT) gas phase 

PB convex [9] 

Single cryst./ 
PB concave 
PVT [6] 

585 nm Polycryst./Zn 
yellow annealed 800 ~ 

(SPOT) [5] 

Pale yellow Single cryst. 
stoichiometric 
(SPVT) [4] 

Yellow orange Multicrystalline 
near stoichiometry 
(SPOT) [5] 

605 nm Polycryst./ 
orange PB convex 

(PVT) ~6] 

Orange-red Polycryst./ 
PB convex 
(PVT) [6] 

640 nm Polycryst./Ga-doped 
red (SPVT) [4] 

Red brown Polycryst./E7] 
(EBE) layer 
non-stoichiometric 

Zn - annealed 
30d, 900~ 
n-type [8] 

Polycryst./[7] Multicrystalline 
layer near Zn - annealed 
stoichiometric (IBD) PVT, near 

stoichiometry 

Polycryst./Se - 
annealed 
(PVT) 

285:Zn ~ 0 

283a ~ 0 

~ 0  

> 0  

285 > 0 

255 > 0  

>> 0 

T A B L E  I I  Impurity concentration from ICP-OES analysis (p.p.m.) 

Sample ~ Cu Fe Cr Si AI Cd Ca 

273b 1.50 < 0.5 < 0.6 < 3 < 0.3 
329 < 0.7 1.60 0.14 < 8.6 0.60 
329R1 2.10 0.60 0.08 < 5.3 0.80 
355 0.73 < 0.2 < 0.3 < 1.4 < 0.1 
355R 0.62 0.24 < 0.3 < 1.4 < 0.1 
MP-US 0.78 < 0.2 < 0.3 < 1.2 < 0.1 
MP-R 0.29 0.20 < 0.3 < 1.2 0.15 

0.60 0.90 
0.60 0.80 

a Sample name: R, source residue; MP, pellets; US, sublimated. 
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TAB L E I I I Qualitative surface impurity concentration from SIMS analysis (counts) 

Source 

02 Cs 

Sample ~ Cn Fe Cr Si S C 02 A1 

273b 30 200 30 200 25 30000 200 500 
277 50 200 100 40000 
329 3000 20 10 8000 3000 60 60 
329R1 20 10 1000 5 4 
329R2 10 100 20 300 3 000 25 30 

Sample name: R, source residue. 
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Figure l Homogeneity range of ZnSe in p-T coordinates. ( ) 
Equal composition and refer to the following net vacancy concen- 
trations (cm 3): [Vso] EVz~] = (1) 1016; (2)1014; (3)1012; 
(4) 10~~ (5) 108; (6) [Vz,] [Vs~] = 10~6; (7) 10*4; (8) ~0~2; 
(9) 10~~ (10) l0 s . Pz~.st is the zinc partial pressure over the 
stoichiometric compound [10]. 

m e a n s  10 - 4  at %. Until now no quantitative method 
has been available for the detection of such small 
changes in matrix concentration. Previously, it has 
been shown, that in closed systems the most important 
prerequisite for the growth of stoichiometric crystals is 
a definite zinc excess in homogeneous source material 
E11], obtained by long-term annealing of powder at 
900 ~ under controlled zinc partial pressure. In this, 
the temperature of the zinc reservoir, Tzn, is related to 
pO of stoichiometric ZnSe at the growth temperature, 
Tg (Fig. 1; e.g. T g =  1150~ T z , = 7 2 7 ~  and 
p~ n = 0.11 arm). Because of the lack of adequate self- 
diffusion data, the annealing time was estimated using 
the average diameter of powder grains (7 I~m) and 
diffusion coeMcients published elsewhere [12]. Fur- 
thermore, colour is a reliable qualitative indicator for 
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Figure 2 (@) Mass transport rates, R, and ([2) annealing times, ta, 
for different source-materialcharges:(a) sublimated, pmln;(b) CVD, 
near stoichiometric; (c) sublimated, selenium excess; below 81, Pmln 
annealed; above 81, stoichiometric annealed; G mixture of 72, 73 
and 80. 

the non-stoichiometry of grown crystals, but it 
gives no information on homogeneity in annealed 
powders. No change of mass transport rates 
with powder annealing times longer than 4 days was 
found (Fig. 2). Therefore, it may be inferred that our 
annealing procedure gives a homogeneous powder 
material. 

Sublimation at 1000 ~ is a very effective purifica- 
tion step with regard to unreacted components and 
volatile impurities. Some hundreds of grams of ZnSe 
have been transported under dynamic vacuum along 
a temperature gradient of nearly 5 K cm- 1 in a hori- 
zontal quartz tube. From the phase diagram (Fig. 1), 
selenium-rich material with a composition related to 
PZn. min was expected to condense first (at 860~ 
Because of the higher selenium partial pressure, the 
selenium excess in deposited ZnSe should increase 
with decreasing temperature. This trend is experi- 
mentally supported by the observation of a variation 
in colour over the tube length, going from yellow 
through orange to dark red. Additionally, increasing 
selenium excess was detected by means of chemical 
analysis (complexometric titration, CT). The experi- 
mental results from Chen et al. [13] may be inter- 
preted in the same way. 

To obtain homogeneous source material, the sub- 
limated and compositionally graded material must be 
annealed and equilibrated under the crystal growth 
conditions. 
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3. Mass transport and crystal quality 
For all growth experiments, mass-transport rates were 
measured and at the same time the perfection of the 
crystals was analysed. To investigate the influence of 
source material properties on crystal quality, temper- 
ature conditions must be known. In our experiments 
the source evaporation temperature was in the range 
T~ = 1100-1200~ and the temperature difference 
between the source and the ampoule tip was 
AT = 10-80 K. For high supersaturations (AT > 25 K) 
polycrystalline growth was observed. There is a weak 
dependence of transport rates on temperature as ex- 
pressed by Faktor and Garret [14] in 

2DABp { 3pOz~ -- 2p ) 
Jz.s~ - 3RTa~l in \ 3p~z. _ 2p (2) 

( w h e r e  DAB is the binary diffusion coefficient, p 
the total pressure at average ampoule temper- 
ature Ta~, Pz. the zinc partial pressure at the growing 
crystal interface (0) and at the source (1), and R the 
gas constant), where the argument of the In-function 
with AT >~ 10 K (responsible for Apz. = pzl . -  pz~ 
enables only small changes in mass transport. At tem- 
peratures below 1050~ the growth rates decrease 
considerably due to kinetic limitations at the growing 
interface. In the interest of the stability of silica am- 
poules and low vacancy levels in the crystals with 
growth times of a maximum of 14 days, an optimum 
growth temperature of 1100 ~ was established. 

Under these conditions, changes in transport rates 
and defect density in the crystals were found to depend 
on source material composition and, in homogeneous 
material especially, on non-stoichiometry (Fig. 2). 

Theoretical studies on the influence of non- 
stoichiometry on transport and growth rates have 
been done by Faktor et al. [15] and Ballentyne et al. 
[16]. Experimental results have been published else- 
where Ell]. The main conclusion was that the trans- 
port rates and the critical rates for stable growth 
decrease with increasing excess of one component in 
the gas phase. 

4. Characterization of crystals 
The quality of the crystals was determined in terms of 
morphological stability and chemical homogeneity. 
The crystals were characterized by optical microscopy 

with respect to facets, twins, macro steps and etch-pit 
density. For prepared slices, surfaces were analysed by 
double-crystal X-ray diffraction rocking curves with 
best full width at half maximum (FWHM) values of 
about 20-30 arc sec in nearly stoichiometric material 
(sample 283a). 

The previously described variation in colour was 
used for qualitative characterization of non- 
stoichiometry. Attempts were made to quantify this 
effect by room-temperature transmission measure- 
ments. A small red shift and a lower slope of the 
absorption edge were induced by increasing selenium 
excess (increasing zinc vacancy concentration [Vz,]). 
However, calibration experiments were not successful 
(Table IV). The results of positron annihilation (PA) 
correlate with the specific resistivities, p, and infi'ared 
absorption of samples. Because the lowest single va- 
cancy concentrations detectable by PA were in the 
1015 cm-3 range, the results can be explained only by 
the presence of Vz~ clusters with decreased electrical 
activity. For as grown-samples p ~ [Vzn] -1 was 
found, but in sample 255 the resistivity was lowered by 
linear defects. In the zinc-extracted sample, donors are 
responsible for low p. Infrared absorption coefficients 
were measured calometrically by ballistic evaluation 
of sample heating above room temperature after ab- 
sorption of a CO2-1aser pulse. This depends on the 
concentration of all point defects and becomes a min- 
imum for the stoichiometric sample 283a. 

ICP-OES, SIMS, CT, photoluminescence (PL), 
cathodoluminescence (CL) and electron paramagnetic 
resonance (EPR) have been used for investigation of 
crystals to obtain information about purity and chem- 
ical homogeneity. A zinc accumulation in crystals was 
detected by CT (crystal 320a with 50.17 _+ 0.05 at % 
Zn and the residue of 320a with 49.83 + 0.05 at % Zn). 
ICP-OES results are listed in Table II and there is 
evidence of a high purity level, but of no additional 
purification by vapour growth. 

Qualitative SIMS results are listed in Table III. In 
some cases, high impurity levels were detected on 
crystal facets and on prepared surfaces. In less than 
1 gm depth these concentrations fall below the detec- 
tion limit of 5-10 counts. The presence of silicon, 
carbon, aluminium and oxygen is due to surface prep- 
aration (organic solvents, polishing agents) and the 
iron, chromium and copper contamination may be 
caused by sample handling. 

T A B L E  IV Concentration of zinc vacancies from positron annihilation spectroscopy (PA), specific electrical resistivity, p, and infrared 
absorption coefficient, 

Sample 

255 283a 283b 285 285 : Zn 

Colour Red Pale yellow Green Orange-red Yellow 

z~ (ps)" 246.4 245.8 240.9 240 242.4 
[Vz. ] (cm-3) b 1.3 x 1016 1.1 x l0 ts 1.7x 1015 < 10 Is 4.5x 1015 

9300 K (~ cm) 3.0 x l0 s 6.5 x 108 4.4 x 109 > 1020 10 z 103 
~z06 ~m, Rr (%) 1.09 0.17 0.97 - 

r~ average positron life time (measured). 
u [Vzn] = ~:/p with ~ = ( 'c a - "Cb)?~b( ' c  2 - -  "Ca) ('C 2 = 240 ps in ideal crystal volume (bulk), 'c2 = 340 ps for maximum concentration of g z n  ) and 
the specific positron capture rate g = 2.3 x 10 .8 cm 3 s-1. 

6174 



T A B L E  V Point defect identification from EPR analysis 

Sample Colour Source material 
caused non- 
stoichiometry 

Dark  Illuminated Comment  

289b Yellow- Near 
orange stoichiometry 

small Se excess 

243b Green Se excess 

261a Red Strong Se excess 

No Vz. (A-centre: Concentrations in 
spectrum gzn--C1) and Vse 1015-1016 cm 3 

(or enclosed 3dg-ion range, strong 
e.g. Cu) compensat ion 

No vacancies, Fe 3 +-Cu-pair  on X, because no 
Zn site and Fe 3 +-X hyperfine structure 

was observed 

Fe 3+ X Fe 3+ X and VZn Probably 
A-centre 

The intensity of several lines in the PL spectra at 
low temperatures is the most characteristic feature for 
qualitative analysis of defect structure in crystals and 
prepared substrates. In particular, the 1 /deep line for 
Vzn, the donor-acceptor pair spectra (DA) for impu- 
rities, the X line for free excitons and thus a low 
point-defect concentration and the Y line for a high 
dislocation density, have been used. In highly non- 
stoichiometric samples, copper green, copper red and 
self-activated luminescence (SA), which is caused by 
Vzn-X complexes, was observed. 

By means of the CL mode of a scanning electron 
microscope, analogous results have been obtained, but 
with better local resolution. 

Initial results of EPR measurements (listed in Table 
V) also support our model that there is a relation 
between crystal colour and [Vzn]. Other defects like 
rse and pair defects were found by this method if the 
conversion in the paramagnetic condition was pos- 
sible. The main experimental problem was to obtain 
EPR spectra which could be unambiguously inter- 
preted. For this reason, single-crystalline rectangular 
parallelepipeds were cut with dimensions 3 mm x 
3 m m x 5 m m  and a (110) orientation of the 
3 mm x 3 mm front side. Non-stoichiometric crystals 
from unseeded PVT were often polycrystalline and 
then optimal sample preparation was more difficult. 
Otherwise, there is a high potential for investigation of 
seed-grown crystals. 

5. Conclusion 
In closed vapour-growth systems, the crystal quality is 
dominated by the source-material composition. Sev- 
eral methods have been used for characterization of 
source material and crystals defect structure, which 
are related by mass transport and growth rates. With- 
out an effective treatment of commercially supplied 
source material, no optimal crystal growth by PVT is 
possible. For deviation from stoichiometry, no quantit- 
ative measure was found, but non-stoichiometry realized 
by vacancies is correlated to colour of crystals and is 
qualitatively evident by vacancy-sensitive methods. 
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