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Introduction

ABSTRACT

Understanding the Zn diffusion behavior in GaSb is very important to accu-
rately control the distribution of Zn during the fabrication of photoelectric
devices. The surface concentration and effective surface diffusivity are two key
parameters for modeling the Zn profile in GaSb. The experimental results
indicated that when the diffusion temperature and time are kept unchanged, the
diffusion profiles with pure Zn, Zn-Sb, and Zn-Ga sources differ in the surface
concentration and effective surface diffusivity. To quantitatively explain the
effects of source composition on the two parameters, the relationship between
the two parameters and the vapor pressure surrounding the GaSb wafer in the
diffusion process was deduced based on a surface-equilibrium assumption and
the substitutional-interstitial mechanism. The Ga/Sb/Zn ternary phase diagram
was calculated and discussed for determining the vapor pressures in different
source cases. The ratio of surface concentrations and that of effective surface
diffusivities between different sources were obtained to quantitatively explain
the experiment results. The theoretical and experimental results both indicated
that adding Sb to pure Zn source keeps the surface concentration unchanged
while slightly decreases the effective surface diffusivity, and that adding Ga to
pure Zn source significantly decreases both the surface concentration and
effective surface diffusivity.

lasers [1, 2], photodiode [3, 4], thermophotovoltaic
cells [5, 6], and so on. The key structure of these

With a bandgap of 0.72 eV at room temperature,
GaSb is a promising material for fabricating opto-
electronic and electronic devices with a response
spectrum in the near infrared wavelength, such as
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devices is the p—n junction, which can be fabricated
by diffusing Zn into an n-GaSb substrate. Because Zn
profile in GaSb after diffusion exerts a significant
influence on the performance of the devices, it is
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necessary to understand the diffusion mechanism of
Zn in GaSb to strictly control the diffusion process. In
the past four decades, a great deal of work has been
carried out studying the diffusion of Zn into GaSb [7-
17]. According to the published work, the boundary
condition at the wafer surface plays a key role in
modeling the Zn concentration profiles. Some
researchers, e.g., Sunder et al. [15] and Tuck and Jay
[18], assumed that the surface of the GaSb wafer was
in an equilibrium state during the diffusion process.
However, a detailed discussion on the surface diffu-
sion parameters is still lacking. During the Zn diffu-
sion process, many Sb atoms evaporate from the
GaSb surface making the wafer not stoichiometric. To
suppress the process, Sb was added to the diffusion
source to maintain a saturated Sb vapor pressure [7,
9, 10, 13]. Conibeer et al. [9] found that adding Sb to
Zn source can shorten the p—n junction depth by
decreasing the diffusivity because that Zn diffusivity
is inversely proportional to the Sb vapor pressure.
Similar results have been reported in GaAs [19], GaP
[18], and InP [20, 21]. In addition to Zn and Zn-Sb
sources, Zn-Ga was often used as a diffusion source
[8, 12]. So far, few investigations have been reported
on a quantitative analysis of the effects of the source
composition on the surface diffusion parameters of
Zn in GaSb.

This work aimed to quantitatively analyze the
effects of the source composition on the surface dif-
fusion parameters based on a surface-equilibrium
assumption, to determine the boundary conditions
for predicting the Zn diffusion profiles in the future.
Based on the substitutional-interstitial mechanism,
the relationship between the surface diffusion
parameters and the vapor pressure were deduced.
Then the vapor pressures were calculated according
to Ga/Sb/Zn ternary phase diagram.

Materials and methods

Tellurium-doped (n = 4 x 10'” cm™>), (100)-oriented
GaSb substrates made by the Institute of Semicon-
ductors (Chinese Academy of Sciences) were used in
the experiments. The GaSb samples were all
1cm x 1 cm x 500 um in size. The diffusion sources
were pure Zn, Zn-Sb with 45 wt% Zn and Zn-Ga
with 3 wt% Zn, respectively. The diffusion experi-
ments were performed in a pseudo-closed graphite
box for pure Zn and Zn-Sb sources, while in a closed
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ampoule for Zn-Ga source. The diffusion tempera-
ture and time are 500 °C and 2 h, respectively. The
diffusion sources were all sufficient to maintain the
pressures of Zn, Sb, and Ga saturated during the
diffusion process. After diffusion, the Zn concentra-
tion profiles were obtained using a secondary ion
mass spectrometry (SIMS). The details of the experi-
ments were described in our recent publication [17].

Results and discussion
Experimental results

The inset of Fig. 1 shows the SIMS profiles of Zn
concentration after diffusion at 500 °C for 2 h using
different diffusion sources. The yellow solid line
represents the doping concentration of Te in GaSb,
ie., 4 x 10" cm™>. The intersections of the Zn pro-
files and Te profile represent the junction depths. The
SIMS measurement was carried out in Evans Ana-
lytical Group® (EAG). Because of the surface con-
tamination caused by coating GaSb wafer with gold,
as well as the surface transient effect caused by the
unequilibrium between the primary ions and sput-
tered secondary ions in the beginning, the Zn con-
centration within at least 0.015 um is not reliable.
Besides, Bett et al. [10] and Serreze and Marek [22]
considered that the concentration in the surface layer
region within 0.1 pm was not reliable and can be
omitted in their analysis. As a compromise, we con-
sider that the SIMS measurement in the surface layer
region within 0.05 pm is not highly reliable. Thus the
region within 0.05 pm will be neglected in the fol-
lowing analysis. Moreover, the part at the very end of
SIMS profile which is beyond the measurement
accuracy will also be disregarded. Thus, the Zn con-
centration profiles retained for further analysis are
shown in Fig. 1. It can be seen that Zn diffusion
profile exhibits kink-and-tail shape when using pure
Zn or Zn-Sb source, while exhibits box shape for Zn-
Ga source. If compared with the profile for pure Zn
source, adding Sb to pure Zn source shortens the
junction depth but holds the profile shape and sur-
face concentration, while adding Ga to pure Zn
source can significantly decrease the junction depth
and surface concentration, and change the profile
from a kink-and-tail one into a box one.
Substitutional-interstitial mechanism has been
widely accepted for explaining the diffusion behavior
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Figure 1 SIMS profiles of Zn concentration using pure Zn, Zn—
Sb, and Zn—Ga sources. The diffusion temperature and time are
500 °C and 2 h, respectively. The inset represents the original
SIMS profile.

of Zn in III-V compound semiconductors. It assumes
that Zn atoms exist substitutionally on gallium sites
(Zng,) or interstitially (Zn;) among the interstitial
sites. The solubility of Zng, is much greater than that
of Zn;, while the diffusivity of Zng, is much smaller
that of Zn;. The interchange between Zn; and Zng, is
governed by the dissociative mechanism [23] or the
kick out mechanism [24]. Our recent publication [17]
indicated that Zn diffusion is governed by the dis-
sociative mechanism in the surface layer region:

k
Zn' + Vg, kr_; Zng, + 2h*, (1)

where k; and k, are the forward and reverse reaction
constants, respectively. The time variations of Zn;"
and Zng, concentrations can be written as [25]

oG 0%C; )
o D; 2 k1Cve,Ci + kaCp (2)
oC, 0*C, )

of = D; 2 + k1CVGaCi - k2CsP s (3)

where C;, Cy,,, Cs, and p are the concentrations of Zn;,
VGa, Zng,, and hole, respectively, D; and Ds are the
diffusivities of Zn; and Zng,, respectively, t is the
diffusion time, x is the distance from the surface of
the wafer. It is assumed that the surface layer region
of the GaSb wafer is in an equilibrium state. Thus, the
concentration of Zn; is in equilibrium with that of
Zng,, and we have k;Cy,,C; = kCsp? [25]. The time
variation of the total Zn atom concentration
(C =G+ G = C,) can be expressed as
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o(Gi+C,) 0 oG oG,
ot <Dla * Da) “)
An effective diffusivity D can be defined as
oG oG,
D—Di%—FDSE. (5)

As D;(0C;/0C) > D4(0C,/00), the effective diffusivity
can be reduced to

oC;
D=Digz (6)
Thus, Eq. (4) is simplified to
oC 0 oC

According to the Boltzmann-Matano method [25], a
new variable n = x/ V/f is substituted into Eq. (7), and
it can be simplified and integrated to establish the
relationship between the effective diffusivity and the
Zn concentration:

1[5 xdC
" T RECE, ®

where C, is the Zn concentration at a depth of x.

f(f *xdC is the area enclosed by the Zn concentration
profile, C = C,, C = 0, and the vertical axis in Fig. 1.
(dC/dx), is the slope at the point C,. Tuck and
Kadhim [26] observed a variation in profile shape
with diffusion time of Zn in GaAs, and they indicated
that the standard Boltzmann-Matano method is not
strictly valid for this kind of profiles. Thus, the
effective diffusivity obtained by Boltzmann analysis
can only be considered as an approximate result. It is
noteworthy that the lower limit of the integration in
the Boltzmann analysis should be the minimum
concentration in Fig. 1, i.e., 1.3 x 10" ecm™2, which is
close to 0. Table 1 gives the effective surface diffu-
sivities for different diffusion sources by Boltzmann-
Matano analysis, also given are the corresponding
surface concentrations. It can be seen that when the
diffusion temperature and duration are kept

Table 1 The surface concentration and effective surface diffu-
sivity for different sources

Diffusion source Ceu/om™> Dy /om? s7 !
Zn 4.7 x 10 7.8 x 1071
Zn-Sb 42 x 10%° 6.8 x 1071
Zn-Ga 5.5 x 10" 62 x 1071
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unchanged, the composition of diffusion source
exerts a great effect on the surface diffusion param-
eters. Adding Sb to pure Zn source does not change
the surface concentration while slightly decreases the
effective surface diffusivity, resulting in a slight
decrease of the junction depth. Adding Ga to pure Zn
source simultaneously decreases the surface concen-
tration and effective surface diffusivity significantly,
leading to a significant decrease of the junction depth.
According to Conibeer et al. [9] and Shin et al. [27],
the variation in the source composition will change
the vapor pressure surrounding the wafer, and the
variation in the vapor pressure will further alter the
surface diffusion parameters. To quantitatively ana-
lyze the effects of the source composition on the
surface concentration and effective surface diffusiv-
ity, the relationship between the two parameters and
the vapor pressures surrounding the wafer will be
deduced based on the substitutional-interstitial
mechanism in the next section.

The effects of vapor pressures on the surface
concentration and effective surface
diffusivity

During the diffusion process, the saturated vapor
formed by the diffusion sources is in a local equilib-
rium with GaSb surface layer region. Zn enters the
GaSb wafer via the monatomic vapor phase to form
Zn'. According to the substitutional-interstitial
mechanism, Zn;" diffuses from the surface layer into
the depth direction through dissociative or kick out
mechanism. The species Zn;" in the surface layer
region is in equilibrium with the vapor phase Zn in
the ambient [28]:

Znyp = Znf + e, )

where Zn,,, is vapor phase Zn, e is electron. When
using pure Zn as the diffusion source, more Sb atoms
than Ga atoms evaporate from the wafer due to a
lower boiling point. The Sb and Ga atoms in the
surface layer region are in equilibrium with the Sb
and Ga vapors surrounding the wafer, respectively:

Sbyap + Vsp = Sbgy, (10)
Gavap + VGa = GaGa, (1 1)

where Sby,, and Ga,,p, are Sb vapor and Ga vapor,
respectively, Vg, and Vg, are Sb vacancy and Ga
vacancy in the surface region, respectively, Sbg, and
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Gag, are Sb and Ga atoms occupying their own
positions, respectively. Moreover, the reaction
between Ga vapor and Sb vapor can be described as

Gayp + Sbyyp = GaSb. (12)

Appling the law of mass action to Egs. (9)-(12), we
have

Py = KiCin (13)
PspCvg, = Kz (14)
PgiCv,, = Ks (15)
PgaPsy = Kq, (16)

where n, Cy,, and Cy,, are the concentrations of
electrons, Sb vacancy and Ga vacancy, respectively,
Pz, Psp, and Pg, are the vapor pressures of Zn, Sb,
and Ga, respectively, K;, K, K3, and K, are equilib-
rium constants. According to Egs. (13)—(16),

Ci = PZH/K1TI (17)
Cvg, = K»/Ps (18)
Cve, = (K3/Ky)Psy. (19)

It is seen from Egs. (18) and (19) that the concentra-
tion of Sb vacancy in the surface region is inversely
proportional to Sb vapor pressure surrounding the
wafer, while the concentration of Ga vacancy in the
surface region is proportional to Sb vapor pressure
surrounding the wafer. When compared with the
pure Zn source, using Zn-5Sb source will increase the
Sb vapor pressure but decrease the Ga vapor pres-
sure. The former will suppress the evaporation of Sb
atoms in the surface region, and hence decrease the
concentration of Sb vacancy in this region. Inversely,
the latter will enhance the evaporation of Ga atoms
from the surface region, and increase the concentra-
tion of Ga vacancy in this region. The situation will be
inverse when using Zn-Ga diffusion source.
Appling the law of mass action to Eq. (1), we have

CiCy,, = KsCp*. (20)

By substituting Egs. (17) and (19) into Eq. (20), one
can obtain

KgPz,Psy, = Cip*n, (21)

where Kg = K3/K;K4Ks. In the semiconductors, the
product of the concentration of hole (p) and that of
electron (1) equals the square of the intrinsic carriers
(ny) [29]. Thus, Eq. (20) is rewritten as

@ Springer
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Kgpznps[) = Cspl’liz. (22)

In neutrality, Cs &~ p, one can obtain the expression of
the surface concentration Cg,:

Caur = (Cy),, = KoPY2PY? (23)

sur
where the subscript sur represents the surface and
Ky = Ké/ 2 /ni. It can be seen that Cg,, is proportional to

PZZP;{)Z. According to Eq. (20), the effective surface
diffusivity can be written as

G (3Ks\

Substituting Eq. (19) into Eq. (24), one can obtain the
effective surface diffusivity Dgy,:

3K5K2 1 2 3K5K2 1 2

Dy = Di| ———=— | (C =~ Dy —|C= .
sur < K?, PSb)( S)sur ( K3 PSb) sur

(25)

It can be seen that Dy, is inversely proportional to
the Sb vapor pressure surrounding the wafer and
proportional to the square of the surface
concentration.

Based on the above derivation, it can be claimed
that the surface concentration of Zn in n-GaSb is in a
relationship with the vapor pressures of Zn and Sb
surrounding the wafer, while the effective surface
diffusivity is in a relationship with the vapor pres-
sure of Sb surrounding the wafer and the surface
concentration. To validate the above derivation and
quantitatively analyze the effects of the source com-
position on the surface diffusion parameters, one has
to determine the concentration profile of Zn in GaSb
and the vapor pressures of Sb and Zn surrounding
the wafer. The former can be obtained by SIMS, while
the latter can be obtained via the Ga/Sb/Zn ternary
phase diagram.

The Ga/Sb/Zn phase diagram

The surface layer region of the GaSb wafer is in
equilibrium with the vapor phase and liquid phase
during the diffusion process and can be analyzed by
a ternary equilibrium phase diagram. Based on the
optimized thermodynamic parameters [30], the phase
diagram of ternary Ga/Sb/Zn system was calculated
by using the software package PANDAT 2014 Demo,
which is based on modeling the Gibbs energies of all
phases and minimizing the total Gibbs energy of the
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system. Figure 2 shows the isothermal section of the
ternary Ga/Sb/Zn system at 500 °C. AB and BE are
liquidus lines. L denotes the liquid phase region.
Point C denotes the stoichiometric GaSb wafer. The
regions related to this work are labeled I and II in
Fig. 2, both of which contain solid GaSb and liquid
phase. If a system can be represented by a point
within region I, then it consists of solid GaSb, a liquid
with composition given by the relevant point on the
liquidus line AB and the vapor phase. There are three
components and three phases, and the phase rule
gives two degrees of freedom for this system. In our
case, the diffusion temperature has been identified as
500 °C; there is only one independent variable, i.e.,
vapor pressure. Thus, the vapor pressure will vary as
the system moves to another point within region L. If
the system is within region II, there exists four pha-
ses: solid GaSb, solid compound composed of Sb and
Zn, a liquid with composition given by point B, and
the vapor phase. According to the phase rule there is
only one degree of freedom in this system. Because
the diffusion temperature has been identified as
500 °C, there is no independent variable. Thus, the
systems represented by all points within region II
have the same vapor pressure.

To obtain the vapor pressures of the components
when using different diffusion sources, one has to
determine the location of each diffusion system in the
phase diagram. If stoichiometric GaSb wafer is
heated at 500 °C without diffusion sources, more Sb

Zn
0.00 1.00

Figure 2 The isothermal section of ternary Ga/Sb/Zn system at
500 °C.
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Figure 3 The vapor pressures 1.4x107® 2.5x10™"
as a function of the Sb fraction B
-18
in the liquid phase along the 1.2x10 P 2.0x10"
liquidus line AB in Ga/Sb/Zn 1010 ' o
ternary phase diagram at ' .
500 °C. a—c the vapor % 8.0x10™" :'g‘ 1.5x10
pressures of Ga, Sb, and Zn, "8 o 9;
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xg, Fraction of Sb in the liquid

atoms than Ga atoms enter the vapor phase and the
condensed phase becomes gallium-rich. The point
representing the system moves in the direction C—A
along the Ga—Sb base-line. If pure Zn source is added,
the point moves off the Ga—Sb base-line and enters
region I. And the composition of liquid phase can be
given by a relevant point on the liquidus line AB. As
the weight of pure Zn source increases, the liquid
phase moves along A—O. When the liquid compo-
sition reaches point O (on the Zn-GaSb pseudobinary
line), increasing the weight of Zn source no longer
changes the liquid composition. If Sb is added to the
sufficient pure Zn source, the liquid phase moves
along O—B. Instead, if Ga is added, the liquid phase
moves along O— A. Because the diffusion sources are
sufficient in our experiments, the liquid phase com-
positions can be given by point O and B for pure Zn
and Zn-Sb sources, respectively. For sufficient Zn-Ga
sources, the liquid phase in the system can be esti-
mated as the intersection point P at the liquidus line
AB of the connection line between the Zn-Ga source

X, Fraction of Sb in the liquid

represented by point F and GaSb wafer represented
by point C [19]. In equilibrium state, the chemical
potential of each component in any phase equals to
that of this component in any other phase. According
to the chemical potential of one component in liquid
phase given by PANDAT, the chemical potential of
this component in vapor phase can be calculated.
Then the vapor pressure can be obtained. Figure 3
gives the vapor pressures along the liquidus line AB,
where the horizontal axis xgp represents the Sb frac-
tion in the liquid phase. Fig. 3a—c present the vapor
pressures of Ga, Sb, and Zn, respectively, and Fig. 3d
shows the total pressure of the system. As can be
seen, the dominant component in the vapor phase
surrounding the wafer is Zn. The vapor pressure of
Ga is much smaller than that of Sb and Zn. With an
increasing xgp, the Sb vapor pressure increases while
the Ga vapor pressure decreases. However, the Zn
vapor pressure increases until xs, reaches approxi-
mately 0.2, and then it begins to decrease. The vari-
ation trend of the vapor pressure with the fraction of
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Table 2 The liquid

J Mater Sci (2016) 51:7300-7308

composition and vapor Ga (%) Sb(%) Zn (%) Pga. (atm) Pgp (atm) Pz, (atm) Py (atm)

pressurei.for;g po‘les.fﬁl . P 936 3.9 25 12x107  36x 107 55x 1071 55 10°1°
repiesen g ditferent Gtusion 65 2.7 61.0 24 %107 18x 1077 1.0x10°  1.0x 10°®
systems B 129 26.6 60.5 19x107° 23x107"7 97x10° 97 x10~°

Table 3 The ratio of surface

concentration and that of

Theoretical results Experimental results

effective surface diffusivity

between different sources Cour (Zn)/Cour (Zn=Sb)

Csur (Zl’l)/ Csur (anGa)
Dsur (Zn)/Dsur (Zn—Sb)
D sur (Zn)/ D sur (Zn—Ga)

0.9 1.1
9.5 8.5
1.5 1.1
14.6 12.6

group V element in the liquid phase in Ga/Sb/Zn
system is the same as that in Ga/As/Zn system [31].
Table 2 gives the liquid composition and the vapor
pressure for the points representing three different
diffusion systems. With the values of Pg, and Pz,
given in Table 2, one can calculate the ratio of Cgyy
and that of Ds,, between different sources through
Egs. (23) and (25), as shown in Table 3. The values
obtained from the experimental profiles are also
given in the table. The word in the parenthesis rep-
resents the source composition. As can be seen, Cqyr
(Zn)/Cqyr (Zn=Sb) and Cgy (Zn)/Cqyr (Zn-Ga) from
the theoretical calculations are 0.9 and 9.5, respec-
tively. The corresponding ratios from the experi-
mental profiles are 1.1 and 8.5. The deviations are 22
and 11 %, respectively, which may be attributed to a
diffusion time not long enough for the surface con-
centration to reach an equilibrium value. Dg,, (Zn)/
Dgur (Zn-Sb) and Dy, (Zn)/Dg, (Zn-Ga) from the
theoretical calculations are 1.5 and 14.6, respectively.
The corresponding ratios by Boltzmann analysis are
1.1 and 12.6. The deviations are 27 and 14 %,
respectively. As mentioned above, the Boltzmann-
Matano method is not strictly appropriate for our
experimental profiles which has not reached a global
equilibrium due to the short diffusion time. The
agreement between the theoretical and experimental
results validates the relationship between the surface
diffusion parameters and the vapor pressures as well
as the deduced location in the phase diagram for each
diffusion system. It can be concluded that compared
with the system with sufficient pure Zn source, using
sufficient Zn-Sb source moves the liquid phase from
point O to point B, resulting in an increase in Sb
vapor pressure and a decrease in Zn vapor pressure,
the balance of which makes the variation of the

@ Springer

surface concentration neglectable. The increase in Sb
vapor pressure slightly decreases the effective surface
diffusivity, leading to a slight decrease in junction
depth, which is not enough to change the shape of the
diffusion profile. Instead, using sufficient Zn-Ga
source moves the liquid phase from point O to point
P, resulting in a decrease of 94.5 % in Zn vapor
pressure and a decrease of 80.0 % in Sb vapor pres-
sure, and thus a significantly decreased surface con-
centration. The decrease of 93.2 % in the effective
surface diffusivity leads to a greatly shortened junc-
tion depth, which converts the diffusion profile from
a kink-and-tail one into a box one.

Conclusion

The experimental results indicated that when the
diffusion temperature and time were kept unchan-
ged, the diffusion profiles of Zn in n-GaSb with dif-
ferent sources differ in the surface concentration and
effective surface diffusivity. Based on the surface-
equilibrium assumption as well as the substitutional—-
interstitial mechanism, it was deduced that the sur-
face concentration is proportional to the Zn and Sb
vapor pressure surrounding the wafer, and that the
effective surface diffusivity is inversely proportional
to the Sb vapor pressure and proportional to the
square of the surface concentration. The Ga/Sb/Zn
ternary phase diagram at 500 °C was calculated and
each of the experiments was located in this phase
diagram, which enabled the calculation of the ambi-
ent vapor pressure for each experiment. Thus, the
ratio of surface concentration and that of effective
surface diffusivity between different sources were
calculated, agreeing well with those extracted from
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the experimental profiles. The theoretical and exper-
imental results both indicated that, compared with
pure Zn source, using Zn-Sb source keeps the surface
concentration unchanged but slightly decreases the
effective surface diffusivity, while using Zn-Ga
source significantly decreases both the surface con-
centration and effective surface diffusivity.
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