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L Introduction

The studies on the crystal growth and char-
acterization of II-VI wide band gap compound
semiconductors, such as ZnTe, CdS, ZnSe and
ZnS, have been conducted over the past three
decades. The research was not quite as extensive
as that on Si, III-V, or even narrow band gap 11-VI
semiconductors because of the high melting tem-
peratures as well as the specialized applications
associated with these wide band gap semiconduc-
tors. In the past several years, major advances in
the thin film technology such as molecular beam
epitaxy (MBE) and metal organic chemical vapor
deposition (MOCVD) have demonstrated the
applications of these materials for the important
devices such as light-emitting diode [1], laser (2]
and ultraviolet detectors [3] and the tunability of
energy band gap by employing ternary [4] or even
quaternary systems [5] of these compounds. At
the same time, the development in the crystal
growth of bulk materials has not advanced far
enough to provide low price, high quality sub-
strates needed for the thin film growth technology
[6].

Crystallization from vapor has various
advantages over melt growth. These advantages
result mostly from (1) the lower processing tem-
perature involved — the high melting tempera-
tures of these materials, as listed in Table 1
together with their energy band gaps, make the
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melt growth process very difficult to handle, (2)
physical vapor transport acts as a purification pro-
cess [12] because of the differences in the vapor
pressures of the native elements and the impuri-
ties, and (3) most solid-vapor interfaces exhibit
higher interfacial morphological stability [13]
during growth due to their low atomic roughness
[14] and, consequently, the pronounced growth
rate anisotropy. The technique of physical vapor
transport in closed ampoules is especially attrac-
tive for space investigation because of its experi-
mental simplicity and minimal needs for complex
process control. In this chapter, we will discuss
the activities of bulk growth of these wide band
gap II-VI semiconductors by physical vapor trans-
port (referred to as PVT hereafter) technique
developed in our laboratory during the past years.

The main disadvantage of vapor growth
technique compared to other growth technique is
that the growth rates are low and the grown crys-
tals are smal! with variable single crystal yield [6].
While seeded growth technique can be adopted to
improve the yield of single crystal the transport
process needs to be studied carefully to increase
the growth rates. The mechanism of the vapor
transport process in II-VI semiconductors is dif-
ferent from those of the IV-VI and II-VII, com-
pounds. Under the ideal condition that the partial
pressure of the residual (foreign) gas is zero, this
difference is mainlv caused by the thermodynamic
fact that the predominant vapor species in equilib-
rium with the 1I-VI compounds in the temperature
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Table 1. Melting points and energy band gaps
of II-VI wide band gap semiconductors.

Materials Melting Point  Energy Band Gap

°C) at 300 K (eV)
ZnTe 1295 [7] 2.28 [8]
CdS 1405 [9] 2.36 (10}
ZnSe 1526 [9] 2.69[11]
ZnS 1718 [9] 3.69 [11]

range of interest are atomic species of Group II
elements, such as Zn and Cd, and diatomic mole-
cules of Group VI elements, i.e., S5, Se, and Te,
[15-20), whereas those for IV-VI compounds
under metal (Group IV) saturated conditions are
the congruent subliming molecular species such
as PbTe [21-23], SnTe [23-25] and GeTe [23] and
the predominant vapor species for the Hg-VII,
compounds are Hgl, and HgCl, [26]. In the latter
case, i.c. when the predominant species is the con-
gruent subliming molecule, the transport process
can be described as diffusion of the congruent
subliming species from the source material
through a stagnant residual gas to the deposited
crystal [27]. Therefore, the transport rate is con-
trolled mainly by the temperatures of the source
and the deposition. In the former case, the partial
pressures of the species I and V1, in equilibrium
with the II-VI semiconducting compounds, at a
fixed temperature, can vary by orders of magni-
tude as the composition of the compound varying
over the narrow homogeneity range from Group Il
saturation to Group VI saturation [15,17,20]. As a
result, the transport rate of the vapor species can
also vary from a maximum transport rate corre-
sponding to the condition of congruent sublima-
tion, i.c., the compositions of the solid phase and
the equilibrium vapor phase are the same, to trans-
port rates which are orders of magnitude lower
when the solid composition deviates significantly
from the congruent sublimation. Generally speak-
ing, in the growth temperature range usually

adopted the congruent sublimation condition does
exist inside the homogeneity range of these 1I-VI
materials [17,20] but a precise control of the sto-
ichiometry of the starting compound from the
weighing of the constituent elements is practically
impossible. However, with certain heat treatment
methods the partial pressures over the starting
compound material can be reasonably reproduced.

In Section II, a theoretical calculation of the
transport rates for the II-VI compounds using a
onc-dimensional diffusion model will be pre-
sented and the calculated transport rates are basi-
cally determined by four parameters — the
temperatures at the source and the deposition, the
ratio of the partial pressures over the source and
the partial pressure of the residual gas. In Section
III, the experimental heat treatment methods
which control the partial pressures of the starting
materials will be discussed. The effectiveness of
the heat treatment methods was studied by partial
pressure measurements using optical absorption
technique which will be the subject of Section I'V.
Also in section IV, the measurements on the pres-
sure and the compositions of the residual gas by a
total pressure gauge technique will be presented.
In Section V, an in-situ dynamic technique for the
transport rate measurements will be described and
a further extension of this technique which simul-
taneously measures the partial pressures and the
transport rate will also be included. The crystal
growth experiments will be presented in Section
VI which describes the furnace design, the growth
parameters and the advantages of the process. A
brief discussion of the characterization process,
which emphasizes on the analysis of the crystal-
line structural defects, will be given in Section
VII. The chapter will be concluded with Discus-
sion in Section VIIL

I1. Theoretical Calculation — One Dimen-
sional Diffusion Analysis

The crystal growth of PVT consists of essen-
tially three processes: the sublimation of the
source material into vapor species, the transport of
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the vapor species from the source region to the
deposition region, and the condensation of the
vapor species to form crystal. Under the condi-
tions usually adopted for the PVT of II-VI com-
pounds, vapor transport is the rate-limiting
process. To improve the crystal growth rate in the
physical vapor transport process, the mechanism
of the vapor transport needs to be studied care-
fully.

Since the equilibrium vapor pressures over
these II-VI compounds are relatively low (103-
10! atm) [15-20] at the usual growth tempera-
tures, any convective contribution to the mass
transport in these PVT system can be neglected.
For example, in a typical ZnSe PVT growth
experiment, the thermophysical properties of the
growth system characterized experimentally in the
following sections are listed in Table 2. Using the
simplified Klosse-Ullersma mode! [28] and the
listed properties, the ratio of the convective to the
diffusive flux in a horizontal configuration is
4x10°10. The process can, therefore, be well
described by a one-dimensional diffusion limited
analysis. The theory of diffusion in ideal multi-
species gases was developed about a century ago
mainly by Maxwell and Stefan. The original form
of a Maxwell equation for diffusion of species A
through species B was

PaPg
_dPA = GABT

(u, —up)dy,

MB A B

where P, is the partial pressure of A along the dis-
tance y, p’s the partial densities, M’s the molecu-
lar weights, u’s the velocities of the species in the
direction of net diffusion, and o, a proportional-
ity constant. Conventionally, the mass flux, or the
rate of diffusion of the species A in moles per unit
time per unit area, Jy=u,ps/M, is used and fora
multispecies system we have Maxwell equations
of the form

dp,
_?y_ = Zrij P -JP), i=AB,..(»0)
j#i

where rij= a|JIR1‘=R‘T/Di]P, rij=rji, and Dij is the

Table 2. Thermophysical properties of a ZnSe

PVT growth system.
T(source) 1160°C
T(crystal) 1130°C
Pza 0.011 atm
PScz 0.0007 atm
Presidusl gas (36% CO5, 0.0 atm
26% CO, 26% N, and

12% H,)

B (thermal expansion) = 7 Ax104K!
ur

p (density) 1.2x10°5 g/cm?®
N (viscosity) 4.3x10 poise
u (kinematic viscosity) 36 stoke

=n/p

a (radius) 0.75cm

L (length) 10cm

g (gravitational accelera- 980 cn/s?

tion)

binary diffusion coefficients. Eq. (1) is accurate
only when the temperature, T, and total pressure,
P, are constant throughout the volume in which
the diffusion takes place.

For the PVT growth process of a wide band
gap II-VI compound, the total pressure maintains
constant throughout the ampoule because of a
extremely short mean-free-path of the molecules.
The temperature difference commonly experi-
enced between the source material and the grown
crystal, 10 to 20°C, is small compared to the abso-
lute temperatures used for the process. Therefore,
Eq. (1) has been used satisfactorily to describe the
mass transport of these systems.

When in equilibrium, the metal component
forms only monomers while the chalcogens are
dominated by dimers in the vapor phase. All the
other thermodynamically possible chalcogen
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Figure 1. Partial pressures of various sulfur spe-
cies as a function of total pressure at 1400 K.
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Figure 2. Partial pressures of various selenium
species as a function of total pressure at 1400 K.

monomers or polymers have partial pressures at
least 2 orders of magnitude lower than that of the
corresponding dimers, as illustrated in Figures 1,
2,and 3, for S, Se, and Te, respectively. Therefore,

only metal monomer and chalcogen dimer need to
be considered in the analysis. Another interesting
thermodynamic property for the II-VI compounds
is that the Gibbs free energy of formation for the
vapor phase is, within experimental error, inde-
pendent of the deviation from stoichiometry and a
function of temperature only. Table 3 lists the
parameters of the equilibrium constant K(T) for
the various systems.

1. Binary Case.

In a PVT process, a binary compound
A"BY! sublimes dissociatively according to the
following reaction:

1
AB(s) > A(p) +532 (g). @

Two Maxwell equations need to be solved. A cor-
relation between two fluxes has to be assumed in
order to solve them since only one of the equa-
tions is independent due to the constant total-pres-
sure condition. Obviously, J=J,=2J5 (B =B, in
subscript) is justified because of the fact that all
the II-VI compounds have very narrow homoge-
neity range and no secondary phase was observed
in the grown crystals. Using this and
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Figure 3. Partial pressures of dominant tellurium
species as a function of total pressure at 1200 K.
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Table 3. Parameters for equilibrium constants of
various ATBY! compounds.

logP,Py’* (atm) = ~C/T+D

Compounds C (K) D Ref.
ZnS 19942 10.264 [15]
ZnSe 17818 9.1888 [16]
ZnTe 16350 9.680 [171
CdS 17247 10.466 [18]
CdSe 16632 10.092 [19]
CdTe 15003 9.8224 [20]

P = P, + Py, the two Maxwell equations can be

decoupled and reduced to
3] 1 9P,
I=2p, -~ 4 3
2P A 1,,P dy 3
dp
1=3lp -2 B @)
P r,gP dy

respectively. Egs. (3) and (4) are equivalent to
those derived by Faktor and Garrett {29], where
the first term on the right-hand side is called the
Stefan flow term. The integration of Egs. (3) and
(4) leads to 1

2
Po(3) = 5P+ [PA(L) -3P]
3
xexp[EJrAB (L-—y)J, ®)]

P,(y) = %P+ [PB (L) —%P]

3
chP[ierB (L—y)], ©6)
and 2
) zDABPIHPA(O) _§P
3 RTL 2

P,(L) ~3P

1
P, (0) —=P
_ZDABP 5 (0) 3

= = n
3 RTL 1

, Q)
Py (L) - P

in which y=L is where the source is located, O is
where the crystal is, and J is positive (In Egs. (1),
(3), and (4), the flux is defined as positive in the
positive y-direction. When considering a transport
from L to O the flux becomes negative. However,
we still use a positive J here by having adjusted
the signs in Eqs. (5)«7)). Eq. (7) has been used by
Su [30] and Sha et al. [16] to analyze the CdS and
ZnSe system, respectively. Figure 4 shows the
results calculated from Eq. (7) for the mass flux in
ZnSe system as a function of AT=T(L)-T(0) for
different stoichiometries of the source. The binary
diffusion coefficients were computed from the
Chapman-Enskog formula using the collision
integral given by Neufield et al. [31]. The molecu-
lar parameters used for the computation are given
in Table 4. From Eq. (7), one can find that when
P,=(2/3)P, or equivalently o(L)=P,(L)/Pg(L)=2,
the flux J is infinite, in which case, the mass trans-
port is no longer limited by diffusion or by sto-
ichiometric excess. This condition was also
quoted in literature as P;, because it corresponds
to a minimum in the total pressure. A good discus-
sion on this was given in Ref. [29].

In a real PVT process, however, volatile
impurities such as Hy, HyO, CO, CO,, N,, and O,
may be present resulting from the outgassing of
the silica ampoule and/or from source material
[36] and form a significant amount of residual
gas. Systematic studies have been reported [37-
39] on the residual gas formation in sealed silica
ampoules. Since these residual species remain in
the vapor phase, a third, stagnant component
should be included in the diffusion analysis. Fak-
tor and Garrett [29] gave an approximate treat-
ment similar to the one for the two-species
problem, which is valid only when the stagnant
component is dominant and all three binary diffu-
sion coefficients are equal. The analytical solu-
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Figure 4. Calculated mass flux of ZnSe as a func-
tion of AT for source temperature at 1080°C and
different values of a(L). Solid lines are for a(1.)>2
and dashed lines for o{L)<2.

Table 4. Molecular parameters used for computing
binary diffusion coefficients.

Species o (A) &/k (K) Ref.
Zn(g) 4.70 522 (32]
Cd(g) 4.10 557 (32)
S,(g) 3.97 1183 (33)
Sey(®) 3.576 1130°

Te,(g) 3.887% 1490°

CO(g) 3.690 91.7 [34]
CO,®) 3.941 195.2 (34]
N,(g) 3.798 7.4 [34]
H,(g) 2.827 59.7 [34]

a. Estimated from the molar volume at the melting point
{34,35).
b. Estimated from the normal boiling temperature [31,34].

tions to the Maxwell equations for a three-species
problem were first given by Gilliland [40] and can
be derived in the following way:

The third equation can be decoupled by set-
ting J;=0 with Z standing for the residual gas
component which represents all the residual spe-
cies in the vapor phase other than the two trans-
port species (A and B,) and whose molecular
parameters can be calculated as weighted aver-
ages based on the composition of the residual gas.
We have

dp,
W = (rAZJA + rBZJB) P,. 8)

Integration yields (for transport from L to 0)
, P, (y)

nPZ (L) = (rAZJA + rBzJB) (L-y). 9

Using Pz = P—PA—PB in the first two equa-
tions, we get

dP,

Fr (rap ~ a2 JAPs~ (Taglp +TazTA) Py
+r,,J,P=2aP,+bPp+c , (10)

and

dP

B
Ty (rpap —Tp) JpgPA—(TypJ s +157Jp) Py

+ry,0P = a,P, +b,Py+c, . (D)

A linear combination of Egs. (10) and (11) needs
to be sought such that the ratio of coefficient of Py
to that of P, is the same for both sides, and then, a
new variable will be introduced before integration
is performed. Namely, we need to construct

Byx(10)+B,x(11) with B, and B, satisfying

B, bB +bp,
By 2B, +aB,
Lﬁt Bl=l‘ we fmd

12)
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Tap ~Tazta
By=-—"1—7 - a3)
TaB Tz ’'B
Using Eq. (12) and proper expressions of a’s, b’s,
and c¢’s, we can write

dp dp

A B
d_y+BZd_y = TapgUptip)
X (P, +3,Py+B,), (14)
where
B o teBy T Thy s P. as)
PoapvaB,  rytezdatly

Introducing a new variable P=P At B,Pp+B,
and integrating over it yields

ln:——L— = rAB (JA+JB) (L—y) . (16)

Combining Egs. (13), (15), and ry=RT/D;;P, we
can rewrite Eqgs. (9) and (16) as

Ta s P PZ 67

D,, D,, RT(L-y) PL) an

I 41, p

D,, RT(L-y)
xIn{[(1+15/3, )P, (¥)
-a(1+3,/3)Py(y) -b]
x [(1+J5/1, )P, (L)
—a(1+1,/1)P, (L) -b]7 }.(18)

where

a-ApTfaz o TazTTez, g

TaB " TBZ Tap " Tz

Again, J=J,=2Jg should be used in the calcula-
tion. Eqs. (18) and (19) have been used by Sha et
al. [16] and Palosz et al. [41] to analyze the mass
transport in the PVT systems of ZnSe and CdTe,
respectively.

For the given values of T(L), T(0), and (L),
P,(L) and Py(L) are calculated from the equilib-
riuom condition PA(L)PBm(L)=K(T (L)). Then
PA(0), Pg(0), Pz(0), and the mass flux J can be
solved from Egs. (17) and (18) with y=0,
PA(O)PB”Z(O)=K(T(O)), and the constant total-
pressure condition with an input value of Pz(L).
The second step can be repeated for different
Py(L) until the average residual pressure,
P, = (1/L) j;PZ(y) dy, matches the experimen-
tally determined pressure of the residual gas.

Figure 5 shows the results calculated for the
mass flux in the ZnSe-residual gas system as a
function of AT. The residual pressure used, 0.008
atm, was a typical value measured by a total pres-
sure gauge technique described later. Figure 6
shows the mass flux as a function of total residual
gas pressure for different stoichiometries of the
source. The curves in Figure 6 indicate that the
residual gas starts to measurably reduce the mass
flux when its total pressure approaches the excess

T T
T,=1080°C
' L=10 cm
g Pz=0.008I|nl
Né w7
3
Q
&
[
(21
é 10°
[

0 10 20 30 40 50
AT (°C)

Figure 5. Calculated mass flux of ZnSe as a func-
tion of AT under the same condition as those in
Figure 4 except a residual gas pressure of 0.008
atm is present in the system. The composition of
the residual gas used in the calculation is 36%
CO,, 26% each for CO and N, and 12% H,.
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ofL)=2 I-}:]zg%gc Dyz Dpz Dez
- L=10 em
’g 10 ; 3 P PZ ()’ ) (22)
aL)=2.5 = n .
& RT(L-y) P, (L)
ﬁ b oL)=4 The other three equations, unfortunately, cannot
g be solved practically to give three algebraic equa-
51 o7l oLy8 ] tions. Therefore, numerical method has to be
= adopted. Using the argument similar to that in a
2 binary case a relation among the individual flux
é can be established, which is
i J ; . I, =20g+3) or T, +J =2l (23)
1907 10* 10° 10?2 10t

Total Residual Pressure (atm)

Figure 6. Calculated mass flux of ZnSe as a func-
tion of Pz(L) for source temperature at 1080°C
and different values of a(L). The solid dots on the
left axis are those under the same conditions but
with a zero residual gas pressure.

pressure IP,~2Pgl. Beyond this region, the resid-
val gas becomes the rate-limiting factor and the
oL)-dependence of the flux becomes weak.

2. Ternary Case.

When two II-VI compounds form a ternary
solid solution, such as AUBYLCY or
Al_BUCY! the vapor phase contains three trans-
port species governed by the two reactions with
the proper ratio (1-x)/x. In the first case above,
they are

1
AB(s) 2 A(g) +5B,(8), (30)

1
AC(S) > A(®) +3C; (8 @b

If the residual gas is considered as the fourth,
stagnant component, one has four Maxwell equa-
tions to solve. The fourth one can still be decou-
pled and integrated using J;=0 and we have an
equation similar t» Eq. (17)

depending upon the combination of the com-
pound. If the grown crystal has only one phase, its
composition can be significantly different from
that of the source and should be given by

e

Jg+Jc

x(0) = (24)

in the first case. From reactions (20) and (21), we
have

p pl/2
IA‘B = KAB (F) (25)
( _X)FAB(T)
and
p pl/2
AC K, (T). (26)
xFAC(T)

respectively, where T",(T) is the activity coefficient
of the binary compound, i, in the icrnary solid
solution. To perform the calculation, T(L), T(0),
Pz(L), and a relation describing the stoichiometry
of the source material (such as Po(L)/Pg(L) or
PA(LY/(Pg(LHP(L))) have to be given. With the
relation given above, Eqs. (25) and (26), P4(L),
Py(L), and Po(L) can be calculated. Then three
Maxwell equations, Eqgs. (22)—(26) are used
simultaneously to solve J,, Ty, Ji, PA(0), PR(0),
P(0), Pz(0), and x(0).

Without any information on the thermody-
namic properties of the ternary systems studied
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Figure 7. Calculated mass flux of ZnSe,.Tex for
x=0, 0.05, 0.1 (solid curves) and the calculated
compositions of the grown crystal, x(0), for x(L)
=0.05 and 0.1 (dashed curves, scale on the right
axis) as a function of o).

here, an ideal solution was assumed for these ter-
nary solid solutions, i.e. I'(T)=1. The mass flux
and the grown crystal composition in the ternary
systems were then calculated using the above pro-
cedure for the following systems:

a). ZnSe, ,Te,. Figure 7 shows the calcu-
lated mass flux as a function of
a=P, (L)/Pg, (Lyunder the conditions of
T@L)=1150°C, T(0)=1130°C, and Pz(L)=0.008
atm for ZnSe,_Te, source materials of x=0, 0.05,
and 0.1. The calculated compositions of the grown
crystal, x(0), are also.shown in the figure. There
are three noteworthy points. (1) The mass fluxes
decrease when ZnTe is introduced into the ZnSe
system, (2) the maximum mass flux in the ternary
system does not necessarily occur at olL)=2.0,
and (3) the composition of the grown crystal is not
always equal to that, and depends strongly on the
o-values, of the source material — for the case of
x(L)=0.1, the grown crystal composition x(0) var-
ies from 0.147 to 0.105 when ¢ varies from 15 to
1. Since the partial pressure of Se, is the lowest in
this region, which causes a lower selenium flux,
and consequently, the x(0) is greater than x(L).
Figure 8 illustrates the calculated mass flux of a

ZnSeqgTey; source versus AT for various a-val-
ues near the maximum flux region. Figure 9 dis-
plays the partial pressure profiles of each species
in the system along the ampoule position. It is
interesting to note that, in order to maintain a con-
stant total pressure throughout the ampoule and

¥ T T ¥ T
Source: ZnSeg 9Teg) /
g TSI
Né S
< 10 .
&
2 .
é 27,/ P2(L)=0.008 atm
i T,=1150°C
60 L=10cm
0.7
10”° ) n L JE
0 10 20 30 40 50
AT CC)

Figure 8. Calculated mass flux of a ZnSe,sTeq
source as a function of AT for different values
of o) near the maximum flux region.

T,=1150°C, T4=1130°C, Px(1)=0.008 atm, L=10 cm
107 - v - ¥ N

Toz

Se;

P T& |
Zn

Partial Pressure (atm)
N
N

Be;

4 F L

.

6 2 4 6 8 100 2 4 6 8 10
Distance (cm)

=
o

Figure 9. Calculated partial pressures of
individual species along the distance of
the ampoule for a ZnSe, osTeg o5 SOUrCe.
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the relation among the individual flux, the tellu- 10° , T . 0.20
rium and the residual species are always in a back- 1;‘9;’;%?28 stm  Source: ZnixCdxSe |
ward diffusion mode. - T'¢=l 130°C

b). ZnSe, . S,. The similar calculations were g L=10 cm H0.16
performed for the ternary ZnSe; S, and the oug 107 o1
results are shown in Figure 10. Observations simi- 3 -’é‘
lar to the ZnSeTe case can be made with varia- E Ho.12 %
tions such as the opposite dependence of the g - é’g
composition of the grown crystal on the o-value. = 10°¢
This variation is caused by the fact that the partial g Fr .. Jo.08
pressure of S, in this case is much smaller than é '''''
that of Se,, whereas in the ZnSe; ,Te, system the ot T
partial pressure of Te, is always greater than that " " " 9.04

10? 10" 10° 10! 10

of SCz.

¢). Zn;_,Cd,Se. Calculations for the second
example, A?I_XB‘,{CVI , can be performed in a
similar manner with the following dissociative
reactions:

1
AC(s) 2 A(g) +5C,(8). @n
1
BC(s) > B(g) +5C2(g). (28)
The calculated results for Zn;_,Cd,Se are plotted

in Figure 11 and exhibit similar features as the two
cases discussed above.

The above calculations allow one to adjust
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Figure 10. Calculated results for ZnSe; .Sy
similar to those shown in Figure 7.

Figure 11. Calculated results for Zn; xCd,Se
similar to those shown in Figure 7.

the stoichiometry of the source to achieve a rea-
sonable mass flux and the targeted crystal compo-
sition prior to the experiments. Palosz et al. have
performed a similar calculation recently for the
Cd;_.Zn,Te PVT system [42}.

I11. Heat Treatments of Starting Materials

The calculation of last section clearly indi-
cates that the vapor transport rate for a binary sys-
tem is at its maximum when the source material
sublimes congruently, i.e., the vapor phase has the
same composition as the solid phase. Since the
vapor partial pressures coexisting with the solid
phase depends strongly on the deviation from sto-
ichiometry of the solid, it is practically impossible
to synthesize the starting material with the desired
values of partial pressures by weighing of the con-
stituent elements. One method to adjust the sto-
ichiometry of the starting material is to bake out
the material at the processing temperature under
dynamic vacuum condition (method A). Besides
purifying the material by preferentially subliming
moisture and other volatile impurities, the process
changes the stoichiometry of the starting material
until the material sublimes congruently. The dis-
advantages of the method is the loss of the mate-



Growth of wide band gap-II-V1 semiconductors by PVT

411

rial at a relatively rapid rate thus the temperature
and the duration of the baking process has to be
optimized. The other method is, after the applica-
tion of method A, to distill the material by sublim-
ing it from one end of the ampoule to the other
under dynamic vacuum (method B). In this case,
an auxiliary heater is used to confine the deposi-
tion"to a designated narrow region. In the past,
these methods have been used extensively. Piper
and Polich [43] baked their CdS starting material
under vacuum condition and then annealed it
under a stream of H,S gas. Catano and Kun [44]
removed excess Zn in their ZnSe starting material
by annealing it under a flow of 1% H,Se and 99%
H, and then baked the ZnSe under vacuum. Kaldis
[45] reduced his ZnSe starting material by baking
it in dry H, atmosphere. Ohno et al. [46] heat
treated the ZnS starting material by baking it
850°C under vacuum for 12 h then in H,S atmo-
sphere at the same temperature for 4 h. Burr and
Woods [47] essentially heat treated their ZnSe
starting materials by method B.

The heat treatment of baking under dynamic
vacuum for a binary compound, in principle, only
results in the congruent sublimation condition, i.e.
0=2.0. To prepare a binary material with o other
than 2, a two-zone annealing technique can be
adopted. In this setup, the starting material at one
temperature is in equilibrium with a predeter-
mined vapor pressure of one of the elements pro-
vided by a reservoir at another temperature.
Because of the stoichiometric invariant,
RTlnPAP:}:2 = Kn,5(M), the system variables
are fixed once the temperature and one of the par-
tial pressure are known. The technique can be
extended to control the stoichiometry during the
transport rate or crystal growth experiment using
an in-situ heat treatment of the materials by con-
trolling the partial pressure of one of the constitu-
ent element in the growth system. Usually, a
three-zone furnace setup is employed where the
temperatures of the source, the crystal (deposit)
and the reservoir for the element are indepen-
dently controlled. Prior [48] studied the seedless
crystal growth of PbSe under controlled pressures

of selenium. The group at Tohoku University,
Japan, has investigated the effects of controlled
over pressures on the transport rate and crystal
growth of CdTe [49-52] and ZnSe [53]. Hoschl
and Konak [54] grew crystals of CdTe and CdSe
under controlled vapor pressures of one of the
components. The group at University of Durham,
England, has also studied the crystal growth of
ZnSe [47,55], and CdS [56] under a controlled
pressure of one of the constituent elements. In
principle, the thermodynamic characteristics of
these systems is well defined when (1) the amount
of the element in the reservoir is large enough
such that the chemical potential of the element
remains the same as that of the pure element dur-
ing the experiment and (2) the time is long enough
for each step of the process so that the system is in
steady state condition throughout the run.

The heat treatment of the starting material
for a ternary system is also critical and more com-
plicated than that of a binary system. Two meth-
ods were practiced. The first method is simply
baking out the starting ternary material of a
known composition, x, under dynamic vacuum. In
general, for a ternary system the congruent subli-
mation composition does not necessarily exist
inside the homogeneity range of the solid solu-
tion. For instance, in the system of a temary solid
solution AB;,C, therc are three unknowns,
namely Py, Pg,, and P, at a fixed temperature T.
Under the condition of congruent sublimation
given by the relations between the pressures, P,/
Pp= 2/(1-x) and P,/Pc,= 2/x, the number of
unknowns are therefore reduced to one. At the
same time, the pressure products have to obey the
following equations for the Gibbs energy of for-
mation for the vapor phase:

RTInP,Py* = i,y (T, %), 29)
RTInP,P(” = pyc (T, ). (30)

There is, in general, no solution for one unknown
to satisfy two simultaneous equations. The bake-
out process will shift the composition of the start-
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ing material continuously towards a value corre-
sponding to a higher transport rate and eventually
all the material will sublime. However, the situa-
tion described above are under the ideal condition
that the kinetics in the solid is infinitely fast such
that the solid phase always has a uniform compo-
sition and is in equilibrium with the vapor phase.
Under the real situation the kinetics depends on
various factors such as the size of the solid parti-
cles, the diffusion coefficient in the solid, and the
surface area, etc.

The second method is to mix weighed
amounts of two binary compounds of known pres-
sure ratios, o [42]. The ternary starting material
prepared by this method will have a well-defined
and reproducible stoichiometry although the pres-
sure ratios after the homogenization of the ternary
system are not defined. As shown in the calcula-
tion of Section II, the composition, x, the tempera-
ture of the source, and a pressure ratio are needed
to thermodynamically define the system variables.
In the study of Cutter et al. [S7], the growths of
ZnSe and ZnSe,_ S, with the Zn partial pressure
in the system controlled by a Zn reservoir were
performed and the thermodynamic condition of
the system is well defined. Mochizuki et al. inves-
tigated the effects of P, = P, + Pg,, and P, = Pg/
Pgc, on the transport rate and crystal growth of
CdSe, S, [58] and ZnSe,_.S, [59] by introducing
calculated excess amounts of Se and S elements
into the system containing starting materials of
predetermined compositions, x. There are two
concerns in this case. First, the initial stoichiome-
try of the starting material was not well defined
and, therefore, the stoichiometry of the system,
including the starting material and the excess ele-
ments, was ill-defined. Second, in the extreme
case when the amount of the starting material is
small such that the amounts of the excess ele-
ments can provide the planned Pg,, and Pg_ in the
system, hence the two unknowns of the system,
namely Pz, and x, can be calculated from the two
equations above using these two partial pressures
and a fixed temperature, T. However, the compo-
sition of the system, x, will not necessarily be the

same as that of the initial material.

IV. Partial Pressure Measurements

The mass flux in PVT process strongly
depends on the partial pressures of the individual
transport species as well as the partial pressure of
the residual gas. Using the optical absorption
technique, Brebrick and co-workers have reported

-the equilibrium partial pressure data over the sys-

tems of HgTe [60,61], HgSe [62], CdTe [20],
ZnTe [17], ZnSe [16], PbTe [21,22], SnTe [24,25],
PbSnTe [25], HgCdTe [63—-65] and HgZnTe [66].
The basic principles for the measurements and the
experimental procedure were described in detail
in the references above. In brief, the T-shape cell
for the optical measurement was made of fused
silica. The sample beam of a double beam mono-
chromator passed through the optical windows on
the top of the T which was held at a fixed temper-
ature and the sample was located at the bottom of
the vertical leg of the T and held at one of a set of
temperatures lower than the optical path tempera-
ture for measurement. The optical absorbance was
measured between 1900 A and 8000 A and the
partial pressures of individual vapor species were
calculated using the data of calibration runs.

The vapor compositions over the starting
materials for several CdTe and ZnSe ampoules
were measured by the optical absorption tech-
nique. The effectiveness of the heat treatment by
baking out under dynamic vacuum (method A)
was confirmed by the partial pressure measure-
ments as illustrated in Figure 12. Six batches of
CdTe (total weights of 130 to 165 g) were synthe-
sized from pure elements which were weighed to
an accuracy of 0.1 mg to have the same number of
moles of Cd and Te. The partial pressure of Te, at
870°C was determined for samples taken from
each batch of as-synthesized material as well as
samples that were baked for 8 min under dynamic
vacuum at 870°C. The partial pressure ratio,
0=Pcy/Pr,,, was labeled next to each data point
and =2.0 corresponds to the condition of congru-
ent sublimation. The values of o for the as-synthe-
sized samples were always lower than 2, i.e. Te-
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Fgure 12. Partial pressure of Te, measured at 860°C
for different batches of CdTe starting material. Open
circles are the results for as-synthesized material and
closed circles for the material heat treated by method
A. The numbers adjacent to each data point represent
the partial pressure ratio, o, and the horizontal line is
the P, corresponding to the congruent sublimation,
i.e. 0=2.0, for CdTe at 860°C.

rich, and ranged from 8x107 to 1.92 whereas
those for the heat treated samples ranged from
1.84 to 3.09, relatively close to 2. Measurements
on three ZnSe optical cells were performed over a
range of temperature. The partial pressure of Se,
was determined from the absorbance of the Se,
vibronic peaks at 3405, 3508, 3613, and 3792 A
and that of Zn was determined from the atomic
absorption peak at 2138 A. Because of the prefer-
ential loss of Zn to the vapor phase from the Zn-
rich source and the small amounts of ZnSe materi-
als loaded the measured o values for two of the
ZnSe cells change from about 5 at 980°C to 2.7 at
1130°C. A ZnSe transport ampoule, ZST-4, was
opened after the transport rate measurements
(which will be discussed in Section V) and all the
material was collected and loaded into an optical
cell for the partial pressure measurements. The
measured value for o was 38 at 1050°C. Judging
from the measured transport rate of ZST-4
reported later in Section V, the source material
could have an o value lower than 38 and the spec-
ulation was that it is practically impossible to col-
lect all the material in a transport ampoule.
Therefore, to have a more meaningful experiment,

simultaneous measurements of the partial pres-
sures and the transport rate were performed on a
ZnSe ampoule, ZSTO-3, shown in Figure 13. The
ampoule was 18 mm OD, 15 mm ID with one end
tapered and an optical window configuration
attached to the other end. The results of the simul-
taneous measurements will be presented in Sec-
tion V.

The L-shape tip on the side of the ampoule
in Figure 13 was fabricated for the measurement
of residual gas after the transport experiment. The
technique and the apparatus for the measurement
was described in Ref [39]. Briefly, the processed
ampoule was placed in a vacuum chamber con-
nected to a pressure gauge and a high vacuum sys-
tem. After outgassing the chamber and the
ampoule for several hours at room temperature
under high vacuum, the valve between the cham-
ber and the vacuum system was closed. Then, the
ampoule was slid so that the tip was struck by an
obstacle and broken and the pressure change in
the chamber was recorded. The original pressure
in the sealed ampoule was calculated based on the
chamber-to-ampoule volume ratio. Determination
of the gas composition was made by selectively
freeze-out of the gas components in the cold fin-
ger cooled to a predetermined temperature with
appropriate cold bath mixtures. For temperatures
below 77 K, the tip of the cold finger was placed
in a stream of liquid helium droplets and the
changes in the pressure as a function of tempera-
ture were recorded. Based on the literature [36]}, it
has been assumed that the residual gas may con-
sist of Hy, H,0, CO, CO,, N,, and O, molecules.
The amount of CO, N,, and O, could not be deter-
mined separately by this technique. From the
mass spectroscopic studies [67,68], the presence
of O, in residual gas can be ignored. Also, the
presence of H, in most of our ampoules precludes
the simultaneous presence of O, at elevated tem-
peratures. For these reasons it was assumed that
the amount of O, in the residual gas under our
experimental condition is negligible. Table 5 lists
the pressures and the compositions of several
ampoules after the transport process. All the start-
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Figure 13. A ZnSe ampoule for the simultaneous measurements of partial pressure and transport rate.

Table 5. Residual gas in the growth and transport ampoules of ZnSe.

Sample Total Pressure at Room  H;O % CO, % CO+N, H, %
Temperature (atm) %

ZST-6 4.132x10°3 <1 30 62 8

ZST-7 1.092x10°3 <1 43 35 21

ZST-9 1.658x10°2 <1 42 48 10

ZST-10 1.947x1073 <1 28 64 8

ZSTO-3 4.961x1073 2 0.2 96.5 13

ing materials of these ampoules were heat treated
by distillation (method B) except ZST- which
was heat treated by baking out under dynamic
vacuum (method A). The majority species is CO,
which accounts for 28—43% of the total except for
the ZSTO-3 ampoule. CO and N,, together con-
tributed 97% in the ZSTO-3 ampoule and 35-64%
in the others.

In Ref [39], empty ampoules made of silica
glass from various vendors were cleaned and
sealed under vacuum and the pressure and compo-

sition of the residual gas were measured after the
ampoules have been heat treated by different pro-
cedures. The results show that the measured resid-
ual gas pressure was in the range of 8.6x107 to
2.3x10™ atm at room temperature for three differ-
ent silica brands, GE-214, ST-10 and HLQ-210,
after the ampoules were outgassed at 1080°C for
16 h and annealed at 1080°C for 168 h. The silica
tubing used for those ampoules listed in Table 5
were GE-214 and the ampoules were outgassed at
1060°C for 16 h before a process of the transport
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rate measurements typically at 1100°C for 7 days.
The comparison of the residual gas pressures
between the ZnSe processed ampoules and those
ampoules heat treated under similar conditions but
without the presence of ZnSe indicates that the
total residual pressures in the ZnSe ampoules are
about one order of magnitude or more higher. The
facts that the gas composition of the ZnSe
ampoules is dominated by carbon oxides (CO and
CO,) whereas that of the empty ampoules consists
mainly of hydrogen and water [39] implies that
the ZnSe starting material was the potential source
of carbon and oxygen in these processed ZnSe
ampoules.

V. Transport Rate Measurements

Measurements on vapor transport rate have
been reported using various technique which can
be classified into two categories: (1) visual obser-
vation of the linear growth velocity of the deposi-
tion in a sealed ampoule inside a transpasent
furnace for systems such as Hgl, [69,70], CdTe
and PbTe [71] and (2) measurements of the total
change in the mass of the source (or the deposi-
tion) in a closed ampoule after the transport pro-
cess has been conducted for a period of time for
systems such as the chemical vapor transport of
GeSe-Gel, [72], the PVT of CdTe [41] and those
referred in Section III on the investigation of the
effects of controlled over pressures on the trans-
port rate of CdTe [49-52], ZnSe [53], CdSe,_,S,
{58] and ZnSe,_,S, [59]. The growth temperatures
for the materials discussed here are too high to be
processed in a transparent furnace which utilizes a
gold-plated tubular silica liner to back-reflect the
infrared radiation and usually provides a maxi-
mum temperature of 900 to 950°C. The disadvan-
tages of the second technique above are: (1) it
yields the average transport rates and (2) the limi-
tation of determining only one data point, i.e.
mass flux for a fixed set of T(source) and T(de-
posit), from each ampoule. These results will not
be compared with the theoretical calculation
described in Section II mainly because either the
stoichiometry of the starting material is not well-

defined or the pressure and composition of the
residual gas in these cases are not known. In
numerous other cases, the transport condition was
not well defined because either the ampoule or the
furnace was translating during the growth experi-
ments. Besides these results, some articles have
also reported transport rates during their crystal
growth experiments as mass transported per unit
time. In these cases, the cross-section area of the
growth ampoule is needed to convert the results
into mass flux for comparison.

Recently, a continuous measurement of the
total mass change in a closed ampoule by an in-
situ dynamic technique was developed in our lab-
oratory [16]. The experiment ampoules were
made of 18 mm OD, 15 mm ID fused silica tubing
and were about 12 cm in length. The cleaned and
outgassed ampoule was loaded with 2 to 5 g of
heat treated ZnSe and sealed at a pressure of
5%x10°7 torr or less. A three-zone tubular resistance
furnace was employed to perform the transport
experiments. A schematic drawing of the setup
with a typical temperature profile along the center
line of an empty furnace bore are given in Figure
14. Two legs attached to the left end of the
ampoule served as a fulcrum. The right end of the
ampoule was connected, via a ceramic block, to a
ceramic lever which extended out of the furnace
and rested on a wire suspended from a Mettler AE
100 electronic balance. The temperatures, T at the
source and Ty at the deposition, were measured by
two thermocouples placed at the ends of the
ampoule and together with the balance readings,
were recorded by a computer at 15 or 30 min
intervals. The balance readings were then con-
verted to the mass transported using the dimen-
sions of the ampoule/lever assembly. These data
were plotted versus time and the mass flux was
obtained from the slope of the curve. For most of
the runs a few different temperature settings were
used to determine the dependence of the mass flux
on the source temperature. After all the material
has transported the accuracy of the measuring sys-
tem can be confirmed by comparing the (otal
transport mass measured with the total mass
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Figure 14. Schematics of the setup for the transport rate measurement by the in-situ dynamic technique.
3000 . . . . . results of the mass flux versus the reciprocal of
ZSTO-1 1 the source temperature from different ampoules
2500 =103 cm ] are plotted in Figure 16. Each mass flux value was
fé-?) derived from a well defined straight line generally
5 2000 - T,~1089°C ; consisting of more than 40 data points on a plot as
5 ol Tam1072°C ] shown in Figure 15 and was normalized to a trans-
é T,=1061°C port length of 10 cm. With a few exceptions, the
S oo 10PC il AT values used ranged from 13 to 20°C. The
é Tm1108°C source materials from Cleveland Crystals, Inc.
500 - Tg=1090°C | used for ampoules ZST-2, 4, and 5, shown as solid
symbols, display in general lower fluxes with
T T T stronger temperature dependence than those of the

Time (hour)

Figure 15. Measured ZnSe mass transported
as a function of time for a typical run.

loaded and another run using the same ampoule
can proceed by simply reversing the temperature
gradient.

A series of transport experiments of ZnSe
was performed using the in-situ dynamic tech-
nique. Figure 15 shows the measured mass trans-
ported as a function of time for a typical run. The

source materials from Eagle-Picher, Inc., which
were used in other ampoules and shown as open
symbols. The methods of heat treatment, method
A and B, as described in Section ITI did not show
apparent effect on the measured mass transport
rates. ’

Four parameters are needed, as discussed in
Section II, to perform the theoretical calculation
for a comparison with the experimentally mea-
sured transport rates. The source temperature,
T(L), and the average of the pressures and compo-
sitions of the residual gas measured from the four
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experiment ampoules, ZST-6, 7, 9, and 10, listed
in Table 5, as given in the caption of Figure 16
were used as input values for two parameters. Two
theoretical curves were calculated. The first one is
the upper limit for the mass flux and it is calcu-
lated with AT=18°C and a(LL)=2.7 — the lowest
value obtained from the partial pressure measure-
ments over two starting materials of ZnSe as
reported in Section IV. An o value of 38 was mea-
sured at 1050°C over the source material of ZST-
4, also reported in Section IV. Thus, the lower
limit of the mass flux was calculated using
AT=14°C and oL)=40. Most of the experimental
data fall between these two curves and some agree
well with the upper curve which represents the
highest mass flux achievable under the experi-
mental conditions. The stronger temperature
dependence of some of the measured mass flux
than that of the theoretical curves could be caused

by a progressive change of the source material
composition toward the congruent sublimation
condition as the source temperature increases.

The general agreement observed between
the experimental and theoretical results of the
mass flux is satisfactory. However, the actual
value of o over the source, or the deposit, during
the vapor transport process was not known for
these measurements. In principle, this o-value can
vary during the transport process because the sto-
ichiometry of the deposit is usually different from
that of the source and, therefore, the stoichiometry
of the source and that of the deposit, change con-
tinuously during the transport process. To have a
better understanding of the transport process, a
simultaneous in-sits measurement of the transport
rates and the partial pressures was designed and
performed. The ampoule configuration, as
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described earlier in Figure 13, is essentially the
same as the transport ampoule except two optical
windows were fabricated at one end for the optical
absorption measurements. The short length of the
optical path, 1.95 cm, was made intentionally to
have an almost constant cross-section area for the
mass flux throughout the length of the ampoule.
The starting material of ZnSe, provided by Eagle-
Picher, Inc., was heat treated by distillation under
vacuum (method B). 3 g of heat treated ZnSe was
loaded into an optical cell, ZSTO-3, as shown in
Figure 13, and sealed under vacuum. The trans-
port length was 10.3 cm. During the run, eight
thermocouples were used to monitor the thermal
field. Among these thermocouples, two of them,
TC6 and TC7, provided the temperature measure-
ments at the optical windows and the reservoir
end, respectively, and the other six thermocouples
were employed to insure that the material con-
densed only at the desired region. During the run,
the material transported from the reservoir, at
1150°C, to the window end, at 1130°C, with a
maximum of 1165°C in between and the partial
pressures over the deposited material were mea-
sured. The optical absorbance and the balance
readings were simultaneously recorded at a 30
min interval. However, during the thermocouple
calibration after the transport experiments it was
found that in the 1130 to 1160°C range the read-
ings of TC7 were 10°C lower than that of TC6
when they were positioned in the same location
inside the furnace. Assuming the readings of TC6
were correct, the real temperatures of the source
and the deposition should be and 1160 and
1130°C, respectively. The pressure and composi-
tions of the residual gas were measured after the
experiments using the technique described in Sec-
tion IV and were listed in Table 5.

The measured partial pressure of Zn and the
mass transported were plotted versus time in Fig-
ure 17. The measured optical absorption of Se,
peaks was too low, due to the combination of the
low Se, pressure and the short optical path length
used, to give accurate measurement of Se, pres-
sure. Therefore, the equation for the Gibbs energy

of formation listed in Table 3, together with the
measured Zn partial pressures were used to calcu-
late the partial pressures of Se, which were also
plotted in Figure 17. The measured pressures of
Zn scattered but remained almost constant
throughout the run at about 0.012 atm which cor-
responds to a value of P,/ Pg. , 0=17. The theo-
retical flux was calculated, using the measured
parameters, i.e., thermal field, partial pressures
over the deposition and the residual gas pressure,
and agrees very well with the experimental data as
plotted in Figure 18. The sensitivity of an error of
2°C in the T(deposit) was also given and is almost
negligible. The calculated partial pressure profiles
for Zn, Se, and the residual gas, Z, along the
length of the ampoules during the run are given in
Figure 19 which illustrates that both Zn and Se,
species were in a forward diffusive mode because
of the high pressure of the residual gas. The mea-
surements of a constant partial pressure of Zn over
the duration of the experiment was unexpected. It
was speculated that the difference in the stoichi-
ometry for ZnSe under the conditions of
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Figure 17. Measured Py, over the deposit and

measured mass transported versus time for
ZSTO-3. The Pg,, data were calculated from

P, and the equilibrium constant.
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Figure 19. Calculated partial pressure pro-
files for Zn, Se,, and residual gas, Z, along
the ampoule length for ZSTO-3.

afsource)=6.4 at 1160°C and o(deposit)=17 at
1130°C are essentially negligible such that the
stoichiometry of the ZnSe source remained the
same through out the transport experiment. The
excess amount of Zn in the vapor phase was also
estimated. It was estimated that there were 0.12

mg of Zn and 0.036 mg of Se in the vapor and the
incorporation of these amounts makes the stoichi-
ometry of the system richer in Zn by 1.7x1073
mole fraction. For the first time, the mass fluxes in
a PVT system were calculated, without any
adjustable parameters, by assuming a one-dimen-
sional diffusion model and using all the input
parameters measured experimentally and show
good agreement with the experimental value.

In the investigation of the effects of con-
trolled over pressures on the transport rate of
CdTe [49-52] and ZnSe [53], the measured mass
flux was constant when the controlled over pres-
sure was low. When this over pressure was higher
than a value in the vicinity of the partial pressure
corresponding to the congruent sublimation con-
dition the measured flux showed a dependence of
Pcy? (or Pz, %) and P, ¥ (or Pg.¥?) on the
controlled over pressure. These dependencies can
be obtained from the exact theoretical expressions
presented in Section II under the approximation
that the total pressure is dominated by one vapor
species. In the region where the controlled partial
pressure is low, the partial pressure in the growth
ampoule could not be controlled effectively by the

Mass Flux (mole/cnt-sec)
g

*
108 \ |
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Figure 20. Measured mass flux of ZnSeq oy Teqqr

as a function of reciprocal source temperature.
The solid curves are the calculated results.
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reservoir chamber and the transport rate depended
on the history of the source material.

A transport ampoule of the ternary system
ZnSe,_,Te,, for x = 0.07, was prepared. 3 g of
ZnSe and 0.302 g of ZnTe were loaded into the
transport ampoule and sealed under vacuum. The
starting material for ZnSe was previously heat
treated by distillation under vacuum (method B)
and that for ZnTe was treated by baking at 1000°C
for 10 min under dynamic vacuum (method A).
The measured mass fluxes are plotted in Figure 20
as a function of 1000/T(source). Two theoretical
curves, similar to those shown in Figure 16 for the
ZnSe binary sysiem, are also plotted as the upper
and lower boundaries for the experimental data.
The effects of controlled over pressures on the
transport rate were also studied for the system
CdSe, _, S, [58] and ZnSe, S, [59]. No compari-
sons were made between their experimental
results and our theoretical calculation because the
thermodynamic condition in their experiments
were not well defined as discussed in Section III.

In general, the calculation indicates that the
residual gas pressure generated from the source
material was the main factor that limited the trans-
port rate. This is evidenced from the calculated
results shown in Figure 21 where another set of
calculated transport rates was added to Figure 16.
As discussed in last Section the comparison of the
residual gas pressures between the ZnSe pro-
cessed arnpoules and those ampoules heat treated
under the similar process but without the presence
of ZnSe indicates that the total pressures in the
ZnSe ampoules are about one order of magnitude
or more higher. The new set of results in Figure 21
was calculated using the same parameters except
that typical values [39] of the residual gas pres-
sure and composition in ampoules made of GE-
214 silica glass processed without ZnSe were
adopted. The calculation was supported by some
preliminary transport rate measurements in our
laboratory which employed a different heat treat-
ment technique and resulted in an improvement of
4 to 6 times in the transport rate. Presumably, this
was caused by a reduction in the residual gas pres-
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Figure 21. Calculated mass flux for ZnSc versus
reciprocal source temperature. The lower curve
is the same as the upper curve shown in Figure
16. The upper curve is calculated using the resi-
dual pressure and composition of those typically
measured in ampoules processed without cont-
aining any material.

sure. At this time, a complete experimental and
theoretical investigation is being conducted and
the results will be reported in the near future.

VL Crystal Growth

Due to the high melting temperatures, the
bulk growth of the wide band gap II-VI semicon-
ducting compounds was mainly performed by
vapor growth rather than melt growth. To increase
the transport rate and consequently reduce the
growth temperature the introduction of a transport
agent, such as l,, was widely employed for CdS
[73], ZnSe [44,45,74-79], ZnTe [78], ZnS
[46,78,79] and ZnSeS [44,79]. The disadvantage
of this chemical vapor transport (CVT) technique
is the high level of the unintentional doping of the
transport agent [44,75,79]. On the other hand, dif-
ferent variations of the PVT technique have been
applied. These variations include the growth in
semi-open system [43,80,81] originally developed
by Piper and Polich, the stationary seeded growth
in a closed system for CdS [82], CdS and CdSe
[83]), and ZnSe [84], the translational unseeded
growth in a closed system for CdS {85,86], ZnTe
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[87.88]. ZnSe [89-91] as well as seeded growth
for CdTe [92] and the growth of CdS [56,93,94],
ZnSe [47.55,57,95], ZnSeS [57,59] and CdSeS
[58] under the controlled partial pressure of one
(or two) of the constituent elements in a closed
ampoule. It was also believed that a slow but prac-
tical transport rate improves the morphological
and crystalline quality of the grown crystals [84]
and, therefore, in some cases inert gas was inten-
tionally introduced into the system [68]. The ther-
mally induced strain and defects caused by the
crucible wall was eliminated in the seeded con-
tactless growth of CdS and CdSe reported in Ref.
[82,83] and in a novel self-seeded contactless
growth of CdTe [96]. The growth of doped-ZnTe
by introducing small amount of In into the growth
system was also reported [97].

In our laboratory, the growth activities were
concentrated on the translational growth in a
closed system, seeded as well as unseeded, for its
experimental simplicity and minimal needs for
process control in the microgravity environment
of space. After the transport rate was optimized
the crystal growth proceeded with the judicious
choices of the growth parameters. Usually, the
heat treatment technique which resulted in the
highest transport rate was adopted. As shown in
Figure 4, the mass fluxes are almost saturated to
the maxima when AT=20°C for those values of o
close to 2.0. Therefore, the furnace, or the
ampoule, translation rate was selected to be close
to but slower than the measured transport rate for
a AT of 15 to 20°C. Both unseeded and seeded
growth experiments were performed. The compo-
sitions of the vapor species in the growth
ampoules can be determined by the optical
absorption technique. For unseeded growth condi-
tion, this can be accomplished by using the
ampoule design as shown in Figure 22(a). The
material will be transported to the optical window
end after the partial pressure measurements and
then the crystal growth will start at the tapered end
as shown in Figure 22(c). Figure 22(b) shows the
ampoule design for seeded growth experiments. In
the determination of the vapor pressure the proce-

dure is the same as the unseeded condition. After
the pressure measurements, the ampoule will be
broken open at the neck of the optical windows
and seed, quartz wool, and a quartz rod will be
loaded as shown. The ampoule is then sealed
under vacuum. Figure 23 shows the picture of a
seeded CdTe ampoule.

Figure 22(c) also illustrates a typical temper-
ature profile and the initial ampoule positions dur-
ing a growth run [86,87]. The profile can be easily
provided by a three-zone furnace with an adia-
batic zone inserted between the central and the
end zones. The temperature profile translates to
the right during the growth. For the unseeded situ-
ation, the crystal starts to nucleate when the
ampoule tip is at the supercooling position with a
temperature lower than the thermal supersatura-
tion as shown in Figure 22(c). In the case of the
seeded growth, the initial ampoule position needs
to be carefully adjusted such that the middle sec-
tion of the seed is positioned at the supercooling
position. Under such condition, part of the seed
sublimes first and then the grown crystal nucleates
and grows on top of the seed.

A three-zone tubular resistance furnace was
used to produce a sharp gradient which resulted in
a well-defined position for the supersaturated
vapor phase and consequently, a well-defined
solid-vapor interface. Using this method, large
crystals of CdS [86], PbSe, CdTe, ZnTe {87], and
ZnSe [92] as shown in Figure 24, have been
grown consistently. In most of the runs, the inter-
face of the growth crystals vary from concave
(towards the crystal) for CdTe, to almost flat for
ZnTe and PbSe, to slightly convex for CdS and
convex for ZnSe crystals. To achieve the monoc-
rystalline growth the precise control of the growth
interface shape is critical. It is believed that a
slight convex interface not only promotes favor-
able crystalline grain selection, eliminates the
nucleation of undesirable secondary grains, also
causes existing extended defects to grow towards
the container wall and be eliminated, and mini-
mizes thermally induced defects. After analyzing
the thermal environment near the interface, the
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Figure 22. Schematics of the ampoules for (a) unseeded, (b) seeded growth, and (c) thermal profile and

initial ampoule positions.

low thermal conductivity of the CdTe solid was
considered to be the main reason for the shape of
the concave interface. To modify the thermal envi-
ronment an adiabatic zone (2.5 to 5 cm thick)

made of ceramic form (Cotronics 310-I) was
inserted between the central heater and the cold
zone. This resulted in an improvement of the
CdTe growth interface to a flat surface.
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Figure 23. Picture of a seeded CdTe ampoule.
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Figure 24 Grown crystals of (a) CdS, (b) PbSe, (c)
CdTe, (d) ZnTe, and (e) ZnSe.
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In the simple case of vapor transport experi-
ment the onset location and the length of the depo-
sition region depend on the temperature and
partial pressure distributions along the length of
the ampoule. The driving force for the growth
(deposition) is the free energy change of the reac-
tion corresponding to the vapor-solid growth pro-
cess. As demonstrated in the HgZnTe-Hgl,
chemical vapor transport system [98], the location
of the deposition zone can be predicted when the
temperature and partial pressure profiles along the
ampoule are well defined. In the growth system
discussed here the degree of supercooling depends
not only on the temperature and partial pressure
distributions but also on the vapor transport rate of
the source material and the furnace translation
rate. In the simple case that the furnace remains
stationary the partial pressure profiles can be cal-
culated only when the stoichiometry, or the value
of ¢, of the source is known. With a fixed furmace
(or ampoule) translation rate one has to consider
whether the degree of supercooling AT can pro-
vide a mass flux fast enough to keep up with the
translation rate. Figure 25 shows a growth
ampoule of CdS which exemplifies the case when
the furnace translation rate was too fast for the
vapor transport rate to maintain a stable growth
interface. Table 6 illustrates the comparison
between the thermal saturation position (S) —
determined from the thermal profile inside an
empty furnace bore and the observed growth
interface position (I) for both unseeded and
seeded horizontal growth of CdTe. Only those
runs in which the source materials were not com-
pletely transported after the growth and similar
furnace translation rates were employed are listed.
Within the accuracy of measurement and the
uncertainty due to the variation of the interface
shape, the degree of supercooling in most of the
CdTe runs were well controlled and defined. Table
7 lists the degree of supercooling in unseeded
growth of ZnSe. In the case of ZnSe, the degree of
supercooling was larger, as expected, for those
runs with lower source temperature because in
these cases a larger AT was needed to provide

Figure 25. A growth ampoule of CdS with unstable
growth interface.

higher transport rate to keep up with the furnace
translation rate. Post-growth cooling process is
also critical to maintain the quality of the grown
crystals. Ampoule-cracking has been observed in
CdTe and ZnSe growth ampoules when the post-
growth cooling rate was too high.

The advantages of the temperature distribu-
tion used here for crystal growth are the follow-
ing.

1. The peak in the thermal profile provides
confinement of the region of supersaturation to a
narrow region because of the high temperature
gradient at the growth interface.

2. The peak in the thermal profile permits
the position of supersaturation to be controlled
independently of the transport rate which is deter-

mined by the temperature of the source material in
the hot zone.

3. The peak in the profile also eliminates
possible secondary nucleation sites by desorbing
inadvertently deposited material from the
ampoule wall just ahead of the crystal/vapor
growth interface. ’

4. Use of fumace (or ampoule) translation
assures that the position of supersaturation can
and will be maintained at the growth interface
throughout the growth of the entire crystal.

5. The use of the insulation (or adiabatic)
zone allows for precise control of the growth
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Table 6. Comparison between thermally saturated
position (S) and growth interface position (I) and the
degree of supercooling

I. CdTe unseeded cases

S
|
) J
<1
|

Sample S(cm) I(cm) Supercooling (°C)
CdTe-7 512 51.15 1.9

CdTe-9 51.3 511 74
CdTe-16 498 49.7 37
CdTe-17 49.8 49.75 19

VCG-1 50.2 50.1 37
VCG-U4 49.6 49.8 ?

II. CdTe seeded cases

Sample S(em) Item)  Supercooling ( °C)
CdTeS-6 49.6 49.55 1.6
CdTeS-7 (I) 50.3 50.0 54
CdTeS-7 (I 50.3 49.95 6.3
CdTeS-8 (I) 9.6 49.5 31
CdTeS-8 (I1) 49.6 49.57 (X
CdTeS-9 (1) 49.6 49.55 1.6
CdTeS-9 (1) 49.6 49.6 0
CdTeS-9 (1) 49.6 49.58 0.6
CdTeS-10 (I) 49.6 495 3.1
CdTeS-10 (1)  49.6 935 - 78
CdTeS-12 () 49.6 49.55 1.6
CdTeS-12(I) 496 49.55 1.6
CdTeS-14 () 49.6 49.5 31
CdTeS-14(I) 496 4933 8.4
CdTeS-15 () 50.5 50.1 52
CdTeS-15(I) 505 50.1 52

interface shape which promotes favorable crystal-
line grain selection, eliminates the nucleation of
undesirable secondary grains, causes existing
extended defects to grow toward the container
wall and be eliminated, and minimizes thermally
induced defects.

6. The generation of crystal defects usually
results from the low yield strength at the high

Table 7. Degree of supercooling in unseeded PVT
growth of ZnSe.

Sample Source  Interface  Super-
Tempera- Tempera- cooling
ture (°C) ture (°C) °C)

ZnSe-5 1090 1065 25
ZnSe-S(#2) 1080 1057 23
ZnSe-14 1070 1050 20
ZnSe-15 1075 1045 30
ZnSe-15(#6) 1140 1135 5
ZnSe-18(#2) 1150 1138 12
ZnSe-19 1150 1138 12

growth temperatures required to achieve monoc-
rystal growth. The yield strengths of materials in
general rapidly increase with decreasing tempera-
ture. With the method and apparatus described
here, growth can be accomplished at temperatures
lower than commonly used. This allows the pro-
duction of crystals with a higher degree of perfec-
tion because of the increased crystal yield
strength.

VII. Characterization

Very extensive characterization technique on
the grown crystals has been reported and will not
be discussed in detail here. In general, these tech-
nique were applied to characterize the crystalline
structural properties as well as the electrical and
optical properties of the grown crystals. In our
laboratory, the studies on the structural defects,
including impurities, voids, precipitates, disloca-
tions, slip bands, small angle grain boundaries,
twins and compositional variation in ternary com-
pounds were accomplished by various technique
such as Spectroscopy (atomic absorption and
spark source mass spectroscopy), X-ray diffrac-
tion (Laue reflection and rocking curve), synchro-
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Figure 26. A flow chart of the materials preparation and
characterization procedure.

synchrotron
radiat-on

tron radiation images of white X-ray beam
(reflection and transmission), Microscopy (opti-
cal, electron, and atomic force), sample polishing
and etching and optical transmission. The electri-
cal and optical characterization was performed by
optical transmission, photoluminescence, and Hall
measurements.

Figure 26 shows the flow chart of the mate-
rial preparation and characterization technique
practiced in this investigation. The characteriza-
tion results on the wide band gap II-VI semicon-
ductors are reported briefly below.

1. Microscopy. Optical and electron micros-
copy were employed to study growth surface mor-
phology and structural defects (after appropriate
chemical etching) such as voids, precipitates, dis-
locations, small angle grain boundaries and twins.
The ZnSe crystals cleave easily along (110) planes
which are also the planes that growth facet devel-
oped. The growth steps on the growth surface of a

ZnSe crystal is shown in Figure 27. Figure 28 pre-
sents pictures of typical dislocation etck pitson a
CdS (0001) plane (a), a micrograph of an over
etched CdS (0001) sample to delineate the hexag-
onal lattice structure (b), and etch pits on a ZnSe
(111)B plane (c). Atomic force microscopy
(AFM) provides the technique for the study of
nanometer-structure on the crystal surface. The
morphology of freshly cleaved (110) surfaces of
ZnSe crystals was examined by AFM [99] and
shown in Figure 29. The particles with the size of
about 20 nm were identified by differential scan-
ning calorimetry [99] to be Se-rich eutectic and
from Figure 29 some segregation effect of the pre-
cipitates along low angle grain boundaries was
evident. However, in the ZnSe crystals grown
from the source materials provided by other ven-
dor and under different thermal conditions the Se-
rich precipitates were not observed [99].

2. X-ray Laue diffraction. The growth orien-
tations of unseeded single crystals were routinely
determined by X-ray Laue technique. Cutter et al.
[57] reported that the growth surfaces of ZnSe
crystals have tendency to be close to the (111)B
(Se face) plane. Our preliminary results, as shown
in Figure 30, indicate a random preference for the
growth orientation.

£ . o

i ESe -8 100um

Figure 27. Growth steps on the growth surface of a
ZnSe crystal.
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A —

Figyre 28. (a) Dislocation etch pit density of 1-2x10%
cm” on a CdS (0001) plane; (b) a micrograph of the
hexagonal structure of the CdS etclbpits; and (c) dislo-
cation etch pit density of 1x10°/cm? on a ZnSe (111)B

plane.

Figure 29. AFM picture of a freshly cleaved (110) sur-
face of a ZnSe crystal with Se-rich precipitates.

11
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Figure 30. Growth orientations of unseeded single
crystals of ZnSe. All growths are in horizontal config-
uration except ZnSe-25V is in vertical stabilized con-
figuration.

3. Optical absorption. The room temperature
measurement of optical absorption (or transmis-
sion) spectra is a convenient yet accurate method
for the compositional mapping of a ternary semi-
conducting wafer [100]. The low temperature (4.2
K) infrared absorption measurements was used to
detect the impurity absorption in the crystal
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[87,101]. Absorption peaks of Cu impurity were
observed in ZnTe crystals grown by traveling
heater method (THM) but were not observed in
the ZnTe grown by PVT technique and the spectra
of the Cu absorption peaks were interpreted on the
basis of crystal field theory with a dynamic Jahn-
Teller interaction acting on the excited states
[101].

4. Chemical analysis. Spark source mass
spectrographic (SSMS) analysis and atomic
absorption (AA) spectrophotometry are the con-
ventional and reliable, although destructive, meth-
ods for the impurity analysis. A comparison of the
impurity levels in the ZnTe crystals grown by
PVT and THM together with the results for a
CdTe crystal grown by PVT are given in Table 8.

5. Synchrotron white beam X-ray topogra-
phy (SWBXT). An overall mapping of the struc-
tural defects in a crystal wafer can be easily pro-
vided by the SWBXT technique. Recently, (111)
wafers sliced from a ZnTe crystal grown by PVT
were  characterized by  this  technique
[87,102,103]. A topography image in the trans-
mission mode, as shown in Figure 31, revealed the
presence of dislocation slip bands, subgrain struc-
tures and long, thin 180° rotational twin lamella.
The cellular dislocation structures comprise
small-angle subgrain boundaries with a disloca-
tion density around 10°-10° cm and a lower dis-
location density in the 10° cm range existing
within the subgrains. The initiation of slip at
regions of stress concentration, such as the lateral
twin boundaries, the junctions of subgrain bound-
aries and twin boundaries was also revealed. The
chronological growth history of the crystal and the
possible mechanisms for the production of a long,
thin twin lamella were deduced from the SWBXT
images of a series of wafers sliced from one ZnTe
crystal [103]. The SWBXT images of the ZnSe
wafers have different features from that observed
on the ZnTe wafers. Although long, thin twins
were still present, instead of the cellular subgrain

structure the SWBXT images of the ZnSe wafers
show network of slip bands along three (111) slip

planes.

Table 8. Chemical analysis of PVT and THM
grown ZnTe and PVT grown CdTe by spark
source mass spectroscopy (in parts per billion,
atomic).

Ele- ZnTe ZnTe  ZnTe? CdTe
ment (THM-1) (PVT) (THM-2) (PVT)

Li 3 2 2 2
Na 5 3 5 3
Al 50 50 30 30
Si 500 300 300 300
30 20 <20 <20
S b b b 3000
Cl <50 <50 <50 <10
K 3 2 < 5
Ca 50 30 <20 50
Cr 20 <10 <10 20
Fe 200 100 50 b
Cu 100° 50° 100° <500
Se 200 100 30 100
In <300 - <300 <300 1000

a. Sublimed ZnTe was used as starting material.

b. Interference from matrix elements.

c. Determined by atomic absorption spectroscopy.
SSMS values were <3000 ppba.

6. Photoluminescence (PL). The presence of
Cu impurity, as a substitutional acceptor, was also
confirmed by PL measurements at 10.6 K [104] in
the ZnTe crystals grown by both PVT and THM.
The THM ZnTe crystals were found to contain
more Cu impurity than the PVT ZnTe crystals as
one would expect from the purification function
of the PVT process. The formation of Cuy,-Vy,
complexes and the effects of annealing, oxygen
contamination and intentional Cu doping were
also studied [104]. The effects of post-growth
annealing of CdS crystals in Cd and S over pres-
sures were also investigated by PL on two types of
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Figure 31. A SWBXT image of a (111) ZnTe wafer
grown by PVT. TB — twin boundary; LB — lateral
twin boundary.

as-grown crystals, one “dark’ and the other
“clear” and a model for the mechanism of the
native defect formation was discussed {105).

VIII. Discussion

Both theoretical and experimental results
demonstrats the importance of the control in the
starting material stoichiometry to the transport
rate and consequently the growth process. The

heat treatment of the starting materials discussed
here provides starting materials with a reproduc-
ible stoichiometry. However, the transport rate can
also be limited by the residual gas pressure. The
analysis of the composition of the residual gas
imptlies that the potential source of the carbon and
oxygen observed in the residual gas was the start-
ing materials. The heat treatment process of flow-
ing hydrogen over the source materials at elevated
temperature can reduce the oxygen content, lower
the residual gas pressure and, consequently,
increase the growth rate.

In-situ measurements, such as the simulta-
neous measurements of partial pressures and the
transport rates described, has furthered our under-
standings of the vapor species transport mecha-
nism. On the other hand, the issues on the growth
process and the kinetics at the growth interface
such as how do the group VI dimers decompose
into atoms, how is the molecular structure formed,
what are the effects of the surface diffusion and
re-vaporization of material on the forming of crys-
tals and, consequently, what are the effects of sur-
face morphology in the atomic scale on the
kinetics and the crystallization process of the crys-
tals, etc., have not been understood at this time.
However, in the (3x1) reconstruction of the CdTe
(001) surface stabilized by Te atoms, formation of
surface Te dimers and the presence of vacancies
were observed in the study of high-resolution
electron microscopy [106]. The influence of sub-
strate orientation on the growth kinetics of chemi-
cal vapor deposition of GaAs/GaAs has been
widely investigated. Since the differences in the
growth rate for different surface orientations exist
mainly in the low temperature region it was con-
cluded by Shaw [107] that the process is mass
transfer limited at high temperatures and kineti-
cally limited at low temperatures and in this low
temperature region the growth rate minima were
found on those orientations cormresponding to the
densely packed surfaces. The deposition rates in
the epitaxial growth of ZnSe on GaAs vary from
0.2 um/h on a (111)A substrate to 0.5 um/h on a
(111)B and 0.97 pm/h on a (112) substrate [75]
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implies that not only the surface morphology but
also the surface chemistry is playing a role in the
deposition kinetics. The origin of the commonly
observed 180° rotating twins in ZnTe and ZnSe
grown crystals was not known. In the vapor phase
epitaxy (basically, seeded PVT) growth of CdTe
on CdTe substrates Yasushi et al. [108] found that
twinned crystals of CdTe only grow on (111) sub-
strates and do not grow on (211) surfaces and they
speculated as follows. A (211) plane in a macro-
scopic sense consists of many (111) planes with
steps between them and these steps define the
atomic arrangement of the adsorbed molecules
uniquely so that grown layers do not give twin
crystals. On the other hand, the growth on the
(111) face is a two-dimensional nucleation pro-
cess and the nuclei can have two opposite orienta-
tions because of the freedom in rotation which
results in twinning in the grown crystals. More
elaborate research and investigation are needed to
confirm the speculation. In-situ technique used in
the MBE and MOCVD thin film technology to
monitor the surface of growing crystals, when
modified to fit into the high temperature and high
pressure environment of the PVT process, will
provide important information in the kinetics and
process of the growth and formation of crystal and
the mechanism of defect formation.
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