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Segregation-considered feature analysis of the Zn diffusion
in InGaAs/InAlAs/InP heterostructures
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This paper presents segregation-considered diffusion model of Zn dopants in InGaAs/InAlAs/InP heterostructures,
which makes it possible to calculate the qualitative and quantitative evolution of the Zn concentration profile.
A wide range of experimental data has been analyzed for various technological regimes of Zn diffusion into
InGaAs/InAlAs/InP heterostructures in a metalorganic chemical vapor deposition reactor using diethylzinc as
the diffusant source. The influence of temperature and pressure on the diffusion and segregation coefficients
is determined. It is demonstrated that ignoring segregation processes in diffusion model can lead to a significant
error in determining the diffusion coefficients. The Zn diffusion profiles are calculated depending on the thickness of
InGaAs/InAlAs/InP heterostructure layers and technological regimes of diffusion process. It has been demonstrated
that the use of solid solution layers, even those of relatively small thickness, can significantly change the depth of

diffusion penetration due to the low diffusion coefficient and the large gradient of the segregation coefficient.
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1. Introduction

Diffusion of zinc (Zn) into III-V heterostructures is a
widely used process for the fabrication of electronic and
optoelectronic devices [1-3]. Technologically, the diffusion
process occurs locally through a dielectric mask using one
of the following methods: diffusion in a sealed ampoule [4],
diffusion of Zn from an applied coating [5], diffusion of Zn
through a narrow gap using a planar source [6], or diffusion
from the vapor phase in an open tube [7]. The latter method
has proved to be efficient due to high homogeneity of the
diffusion process over the sample area while maintaining the
reproducibility of the results obtained.

The main parameters that influence Zn diffusion profile
are diffusion conditions, the type of diffusant, the process
method and the type of reactor used [7]. Unfortunately,
in the literature there are only a few theoretical and
experimental works that comprehensively examine the
dependence of the diffusion depth on the listed parameters.
It is obvious that mathematical modeling of diffusion

processes in real heterostructures enhances and accelerates
the research process. In addition, the mathematical model
also enables to identify features and details of processes that
are difficult to detect in a real experiment.

Studies of Zn diffusion process in heterostructures based
on III-V compounds rely on complex approaches to the
analysis of dopant distribution profiles and interface charac-
teristics. Scanning electron microscopy (SEM) is the most
direct method for assessing Zn diffusion depth by identi-
fying the image contrast boundary between regions of the
semiconductor with different types of charge carriers [8-10].
However, the distribution of electric field across the cross-
section of the sample affects the contrast of SEM image
and the accuracy of determining the depth of Zn dopant
occurrence. Thus, this method is optimal for monitoring
the formation of a double doping front [7,11]. Secondary-
ion mass spectrometry (SIMS) provides information on the
distribution profile of Zn atoms embedded in InP [7,12-14].
Such information is widely used to model the diffusion
process [15]. However, in practice, it is often necessary to
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know the actual distribution of electrically active dopants in
the heterostructure, the concentration of which can greatly
depend on the type of Zn diffusion process and its pa-
rameters in combination with the design of heterostructure
itself. The solution to this problem involves the use of a less
resource-intensive method of electrochemical capacitance-
voltage profiling (ECV) [16]. Although the amount of
electrically active dopants may differ significantly from the
concentration of embedded atoms during Zn vapor phase
diffusion [12,17], the use of in situ or ex situ thermal
activation of dopants allows one to obtain a good correlation
of the distribution profile of electrically active dopants
obtained by ECV method with the distribution profile of
embedded Zn atoms obtained by SIMS method [14,18].

For a long time, the influence of segregation processes
on Zn diffusion profile was ignored in the scientific
literature and was often explained by measurement errors
or physical artifacts [12,17,19]. An earlier ECV study of
Zn diffusion into InP through the InGaAs surface layer
revealed segregation of the dopants near InGaAs—InP [11]
heterointerface. In [20] that gives an insight on Zn diffusion
into InGaAs/InP/InAlAs/InP heterostructure, a combination
of time-of-flight SIMS, magnetic SIMS and high-energy
X-ray photoelectron spectroscopy methods was used to
discover effective blocking of Zn diffusion into InP by means
of InAlAs layer.

Previously, using the results of ECV analysis of In-
GaAs/InP heterostructures subjected to Zn vapor phase
diffusion, an approach was developed for modeling the
process of Zn diffusion into InGaAs/InP heterostructures
accounting for the dopant segregation [21]. Based on
the previously developed approach, in this study a com-
prehensive theoretical analysis of experimental data on
Zn diffusion from the vapor phase in InGaAs/InAlAs/InP
heterostructures was carried out in order to determine the
effect of a thin (~ 10nm) InAlAs etch-stop layer exerted on
the dopant occurrence depth.

2. Diffusion-segregation model
of Zn distribution

In solid-state structures, the diffusion of dopants or point
defects of various natures occurs simultaneously with the
segregation process. As a result, for precise modeling of
the concentration distribution of N, dopant, it is necessary
to consider both of these phenomena [22-24]. Similar
to classical Fick’s laws, the general diffusion-segregation
equation can be obtained on the basis of thermodynamic
principles and has the following form [24,25]:

W) [ (Pdn) lrinto)

dat 0x

where x — depth, + — time, D — effective diffusion
coeflicient, m — dimensionless segregation coefficient. Due
to the presence of interstitial and vacancy mechanisms

of Zn diffusion into InP, InGaAs/InP and InGaAs/InAlAs
structures, the effective diffusion coefficient D turns out to
be dependent on the dopant concentration N, (x, 7) [12,26]:
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D(x , 1 ) =Dy (
The parameters Dy and Ny determine the diffusion coeffi-
cient and dopant concentration on the surface of heterostruc-
ture (analogue of the source). The mathematical notation of
equation (1) enables to normalize the segregation coefficient
m(x) to the value on the surface of heterostructure m(0)
without making any additional changes. This transformation
significantly simplifies the process of finding diffusion-
segregation parameters from experimental data.
To fully formulate the diffusion-segregation problem, it
is necessary to formulate the boundary conditions. The
corresponding boundary and initial conditions are as follows:

N, (H, 1)
0x

where H is the total thickness of the heterostructure, and the
origin of coordinates corresponds to the interface between
the vapor phase and heterostructure surface. The numerical
solution of equations (1)—(3) was carried out in Comsol
Multiphysics using the differential mathematics module.

Na(x,0) =0, Nu(0,7) = No. —0, (3)

3. Experimental samples and research
methods

To find the evolution of the spatial distribution of N, (x, )
dopant concentration for a given source Ny, it is necessary
to know the parameters of the heterostructure D¢ and m(x).
While average values of diffusion coefficients can be found
in the scientific literature, the dependence of the segregation
coefficient on the depth of dopant occurrence is unique for
the growth in every specific process. As a simple solution,
this information can be found by reproducing the experi-
mental dependences of the dopant concentraion N, (x, t) in
heterostructures based on InAlGaAs/InP material system,
taking into account the features of Zn diffusion method and
the final instrumentation application.

When implementing Zn diffusion from the vapor phase,
dimethylzinc (DMZn) or diethylzinc (DEZn) is typically
used as Zn source. However, in the first case, because
of a high background level of diffusant sustained in the
reactor for a long time it is required to provide a separate
setup solely for this task. Whereas in the second case, the
low limiting doping level of InP leads to the problem of
forming an ohmic p-contact to InP:Zn layers (typically the
doping level does not exceed 2 - 10! cm=3). To solve this
problem, an additional InGaAs layer is introduced into the
heterostructure, the solubility limit of Zn in which is several
orders of magnitude higher than in InP [13]. It is worth
considering that thickness of InGaAs layer and its lateral
size significantly affect the rate and depth of diffusion of Zn
into InP through InGaAs [27].
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Figure 1. Schematic representation of the studied InGaAs/
InAlAs/InP heterostructure.

When creating planar avalanche photodiodes (APD) with
separate regions of photon absorption and multiplication of
photogenerated charge carriers, including for the detection
of single photons, it is necessary to form a double front
of p-type dopant [28]. However, the local formation of a
double front of p-type dopant in two Zn diffusion processes,
necessary for the operation of APD, is associated with
problems of modifying the semiconductor surface during
the formation of a dielectric mask, leading to an increase
in the dark currents of APD [27]. An alternative method
for forming a two-stage profile of p-type dopant in a
single Zn diffusion process is the formation of a surface
relief [7,10]. However, the use of plasma-chemical methods
for etching a semiconductor is associated with the risk of
damaging the surface and generating crystalline defects in
the multiplication layer [29], while non-selective chemical
etching does not ensure uniformity and reproducibility of
relief etching both in area and in depth. The solution to
this problem is associated with the use of selective chemical
etching and InAlAs stop layers. The final structure of the
experimental samples is a four-layer system consisting of
a surface layer of undoped InGaAs h; = 250nm thick, a
stop layer of undoped InAlAs h; = 10nm thick, a layer of
undoped InGaAs A3 = 50 nm thick, and a layer of undoped
InP A4 =3.5um thick. InGaAs/InAlAs/InP heterostruc-
tures of mentioned design were grown on InP substrates
using metal-organic chemical vapor deposition (MOCVD).
Schematic representation of this design is illustrated in
Figure 1. Subsequently, to analyze the influence of i
thickness on the diffusion depth, the grown structures were
subjected to successive dry etching of InGaAs surface layer
(i.e. hy =200, 150, 100, 50, 0 nm).

Zn vapor phase diffusion in InGaAs/InAlAs/InP hete-
rostructures occurred in the MOCVD reactor Aixtron
AIX-200. DEZn was used as a metal-organic source of
Zn. Zn diffusion process was carried out at 475—500°C
and pressure reactor of 50—200 mbar. After Zn diffusion
process, the studied heterostructures were subjected to
ex situ rapid thermal annealing in a nitrogen flow for 5 min
at a temperature of 450 °C for thermal activation of dopants.

One-dimensional distribution profiles of electrically active
dopants in heterostructures subjected to Zn diffusion pro-
cess were obtained by ECV method using a Nanometrics
ECVpro electrochemical profilometer.
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4. Results and discussion

4.1. Determination of diffusion and segregation
coefficients

The one-dimensional distribution profiles of electrically
active dopants N, (x,?) in InGaAs/InAlAs/InP heterostruc-
tures measured by ECV method under various process con-
ditions are shown in Figure 2. In the diffusion process, the
dopant concentration experiences a jump at the interfaces
caused by the phenomenon of segregation in heterogeneous
layers. To reproduce the obtained dependencies using
model (1)—(3), the concentration of the source Ny was
determined from the experimental dependencies N, (x, r)
at x =0. As a result of minimizing the square of the
error between the calculated value and the actual value
N,(x,t), the curves of diffusion coefficients Dgy versus
temperature and pressure in the reactor were plotted for
each heterostructure material (see Figure 3,a). Also, the
segregation coeffient versus dopant occurrence depth m(x),
were also found as illustrated in Figure 3,5. In this case,
the behavior of m(x) dependences for all the considered
thicknesses of InGaAs surface layer is identical, and for each
case it can be obtained using proportional scaling of the
dependences shown in Figure 3,b. Figure 3, b shows that
pressure, temperature and type of material have a significant
effect on m(x). Thus, increasing the temperature from 475
to 500 °C at a fixed reactor pressure of 50 mbar leads to a
decrease in the values of the segregation coefficient in all
layers of the heterostructure while maintaining a noticeable
dip in m(x) dependence at the interface between the surface
layer of InGaAs and InAlAs. Hence, with such process
parameters, the weakest influence of segregation and a
decrease in the depth of occurrence of Zn dopants in InP
layer are observed. Increasing the reactor pressure from
50 to 200 mbar while maintaining the temperature 500 °C
enhances the segregation coefficient in all layers of the
heterostructure, while the previously observed jump at the
interface between the surface layer of InGaAs and InAlAs
is practically leveled out, which suppresses the blocking
of Zn diffusion into the second InGaAs layer and, as a
consequence, increases the dopant occurance depth in InP
layer.

The table shows the values of diffusion coefficients Dy,
reconstructed from ECV measurement data for various
process parameters of Zn diffusion. For InP and InGaAs
materials, it was found that in the temperature range
475-500°C and pressures of 50—200 mbar, Dy rises with
both increasing temperature and pressure in the reactor. In
case of InAlAs, at the same temperatures and pressures,
Dy rises with increasing reactor pressure, while increasing
reactor temperature does not have a significant effect on D.
The temperature dependence of the diffusion coefficient is
consistent with the model described in the literature [30].
At the same time, in the described model, pressure also
affects the value of Dy, and an increase in pressure should
lead to a lower Dy due to a declined activation entropy of
the diffusion process [31]. However, in this system for InP
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Figure 2. Distribution of profiles of electrically active dopants of p-type in InGaAs/InAlAs/InP heterostructure for various thicknesses of
InGaAs h; surface layer. Symbols — experiment, lines — numerical calculation. @ — temperature — 500 °C, pressure — 50 mbar, process
time — 60 min; b — temperature — 500 °C, pressure — 50 mbar, process time — 180 min; ¢ — temperature — 475 °C, pressure —
50 mbar, process time — 180 min; d — temperature — 500 °C, pressure — 200 mbar, process time — 60 min.

Diffusion coefficients Dy set within the diffusion-segregation model

Process parameters InGaAs

InAlAs InP

T =475°C, P = 50mbar
T =500°C, P = 50mbar
T =500°C, P = 200 mbar

1.3 - 10" Bem?/s
1.4-10" B em%/s
7.7-107 " cm?/s

and InGaAs materials, the opposite effect is observed, which
can presumably be associated with a change in the diffusion
mechanism from a vacancy to interstitial one [32].

The values Dy published in the literature for different
methods of Zn diffusion in InP vary within the limits of
+1 order from the result obtained in this study. Thus, for
the diffusion from Zn3P; in the sealed ampule the value Dy
for the non-doped InP amounts to 1.4—1.6- 10719 cm?/s
at 550°C [33,34], and when the diffusant is replaced
by Zns3As, at 500°C makes ~ 1.3-10"2cm?/s [35]. If
the duffusant is taken from Zn-containing coatings (such

4.0-10" B cm?/s
6.3-107 B cm?/s
6.2-107 B cm?/s

3.0-10"" cm?/s
4.8-10"" em¥/s
6.1-10"" cm?/s

as Demesol, ZnCly, Zn(NOs),, Zn,SiO4) at 550°C, Dy
amounts to ~ 1.7—2.7 - 1071% cm?/s [36-38]. For the vapor
phase diffusion when using DMZn the value Dy at 500°C
and a flow of 200 cm3/min makes ~ 6—8 - 10~ cm?/s [39).
It is worth noting that in the same paper [39] a decrease
in the value of Dy was found to occur at a temperature
elevation from 500 to 570°C. This behavior can be
associated with the following effect: as the temperature
rises, the proportion of Zn atoms diffusing into the
substrate goes down, while the proportion of Zn atoms
evaporating from the substrate rises, which in turn leads

Semiconductors, 2026, Vol. 60, No. 1



Segregation-considered feature analysis of the Zn diffusion in InGaAs/InAlAs/InP heterostructures

13

to a simultaneous decrease in the surface concentration of
Zn and the diffusion coefficient. A similar phenomenon
was observed using DEZn as a source of p-type dopant
in InP directly during the growth process in MOCVD
setup [40].

As noted above, the effect of segregation is weakest at a
temperature of 500°C and a pressure of 50 mbar. In this
mode of Zn diffusion from the vapor phase, the features
(peaks and troughs) of Zn concentration distribution at
the interfaces are least noticeable. Such behavior can be
described within a simple diffusion model (1)—(3) without
taking into account the contribution of segregation (i.e., at
m(x) = 0). In this case, the coefficients Dy that allow the
experiment to be reproduced must be determined again:
InGaAs — 1.6 - 10~ 13 cm?/s, InAlAs — 3.9 - 10~15 cm?/s,
InP — 2.3-10" " cm?/s. Figure 4 shows a comparison of
the experimental and calculated data on the evolution of
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Figure 3. a — diffusion coefficient of InGaAs, InAlAs and
InP layers versus temperature (pressure is fixed, 50 mbar) and
pressure (temperature is fixed, 500°C); b — dimensionless
segregation parameter versus dopant occurrence depth at different
process parameters in case of InGaAs surface layer thickness of
h1 = 200nm. The color fill corresponds to the boundaries of the
heterostructure layers.
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and 180 min. Symbols — experiment, lines — numerical analysis
without segregation, m(x) = 0.

the concentration profile N, (x, r) for the above-defined Dy
values for samples with thickness /; equal 100 and 250 nm.
Despite the adequate match between the simulation results
and the experimental data, even in this case the diffusion
coefficient in InAlAs layer turns out to be underestimated
by almost 2 orders of magnitude compared to the diffusion-
segregation model (see table), which actually compensates
for the absence of the segregation coefficient m(x) in the
simple diffusion model. This fact indicates the need to use
a diffusion-segregation model when modeling Zn diffusion
in InGaAs/InAlAs/InP heterostructures to eliminate errors
in determining diffusion coefficients.

4.2. Modelling of Zn diffusion depth

For a given heterostructure design, changing the diffusion
coefficients that determine the depth of doping occurrence is
possible by selecting the temperature regime and pressure
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denote the experimental data, lines — denote the data obtained
from calculation.

in the reactor. An additional possibility for changing the
diffusion depth d is to vary the design of the heterostructure,
and in our case, to change the thickness of the solid solution
layers. When analyzing the doping profiles with different
thicknesses of solid solution layers within this study, the
diffusion depth was determined by the position of the front
with a concentration equal to 3 - 10!7 cm 3.

In Figure 5, a, experimental and calculated dependences
of the depth of Zn dopant occurrence on the thickness
of InGaAs surface layer are plotted for all the considered
temperatures and pressures in the reactor. Thicknesses of
other layers remained unchanged (h; = 10nm, 43 = 50 nm,
hs = 3.5 ym). For the process parameters with a temper-
ature of 500°C and a pressure of 200 mbar, it is worth
paying attention to the obvious decrease in the depth of the
diffusion front at small 4;. This pattern is characteristic of
higher segregation and presence of InAlAs etch-stop layer,
which has the lowest diffusion coefficient in these process
parameters. From this standpoint, of particular interest is

the study of the change in d from the thickness of the
etch-stop layer h, while fixing the rest of the structure
(hy = 250 nm, h3 = 50 nm, hy = 3.5um). Due to the small
thickness of this layer, it is often neglected when conducting
various assessments of the diffusion process. According
to the modeling results, dependencies d(h;), presented in
Figure 5,b, even with minor changes in the thickness of
InAlAs etch-stop layer, can have a noticeable effect on
the diffusion depth of Zn in InP under certain process
parameters. In the considered case, the greatest relative
change in the value of d (~ 12%) with a variation in the
thickness of InAlAs etch-stop layer by 5nm is observed at a
temperature of 475°C and a pressure of 50 mbar. A rise in
temperature and/or pressure at which the diffusion process
occurs leads to a weakening of the effect of Zn diffusion
into InP blocking by InAlAs etch-stop layer because of the
increased diffusion coefficients D.

In turn, varying the thickness /3 of the second InGaAs
layer does not lead to a noticeable change in d. Thus, a
double thickness growth of this layer leads to a change
in the diffusion depth of only 2—3% depending on the
process parameters. Such a small effect of thickness /3
on the diffusion depth can be associated with the presence
of Zn segregation at InGaAs/InP interface under all the
studied process parameters. When A3 is varied, the dopant
concentration in the layer remains high, which means that
the condition for overcoming the interface is preserved, as
a result of which no large change in the diffusion depth is
observed. For this reason, these results are not presented
in this paper. It can be concluded that the performed
numerical analysis demonstrates the need to consider a
complete heterostructure design (i.e., a four-layer system
InGaAs—InAlAs—InGaAs—InP) to adequately reconstruct
the evolution of Zn concentration distribution profile from
the experiment.

5. Conclusion

The paper presents an approach based on the diffusion-
segregation equation, which allows modeling the evolution
of Zn dopant concentration profile in InGaAs/InAlAs/InP
heterostructures. To conduct the research, a series of
InGaAs/InAlAs/InP heterostructures with various designs
were fabricated using different process parameters for
vapor phase Zn diffusion from a DEZn metal-organic
source. The diffusion-segregation parameters of materi-
als and layers of heterostructures were determined from
experimental distributions of electrically active dopants
using ECV method. The proposed model allows one to
qualitatively and quantitatively calculate Zn concentration
profiles in InGaAs—InAlAs—InGaAs—InP heterostructures
under various process parameters of Zn vapor phase
diffusion. The diffusion coefficients in InGaAs/InAlAs/InP
structures found from the analysis, and the dependence
of the segregation coefficient distribution on the depth of
the dopant occurrence demonstrated their dependence not
only on temperature, but also on pressure. The values
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of the established diffusion coefficients for diffusion from
the vapor phase using DEZn are comparable with similar
values for other diffusion methods presented in the scientific
literature. It was found that at low temperatures and
pressures, the thickness of InAlAs etch-stop layer had a
significant effect on the depth of dopant occurrence, but it
declined with increasing temperature and/or pressure due to
the rise in diffusion coefficients in InP and InGaAs materials.
The analysis of experimental results within the proposed
diffusion model demonstrated the need to account for the
contribution of segregation in the diffusion processes of Zn
in InGaAs/InAlAs/InP heterostructures.
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