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Abstract
Solid state IV semiconductor device technologies are well established
for high speed microwave and optoelectronic devices. Many approaches have
been taken to detect indium surface segregation at InGaAs/GaAs interfaces with
the purpose of improving interface abruptness. Such studies are not straight-
forward and the experimental approaches of many of them misinterpreted
indium profiles at the monolayer scale, producing unlikely surface segregation
models. The present study employed molecular beam epitaxy (MBE) for layer
growth and a novel sample preparation technique was devised which translated
vertical chemical depth profiles into horizontal profiles. The use of Time of
Flight Secondary lon Mass Spectrometry (ToF-SIMS) then allowed vertical indium
segregation to be observed and measured. Measured indium segregation profiles
are found to depend on the primary growth conditions, substrate temperature,
the As, to group Il flux ratio and the group Il growth rate. A rate equation model
was developed that incorporates the primary growth parameters, As, flux rate,
group lll growth rate and substrate temperature, to model the growth process
kinetically. This fits the experimental data, but only if As, molecules are assumed
to play a site-blocking role that inhibits the chemical incorporation of the group
Il elements and indium. This model successfully explains the interaction of the
group Il and V species on gallium and arsenic terminated surfaces in the MBE

growth process.
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Introduction

Indium segregation studies performed over the last 25 years mainly
involved growing INnGaAs on GaAs (100) substrates by MBE. Moison et al. (1989)
studied the surface segregation of group Ill atoms in InAs, AlAs and ternary alloy
heterostructures such as AL Ga,As and In,Ga,As (x=0.2-0.7) and found that the
segregation energies of indium and gallium were in the range of 0.1-0.2 eV and
that the segregation tendency followed the trend In > Ga > Al with negligible
aluminium segregation. Similar studies by Gérard et al. (1993), Gérard et al.
(1995), Nagle et al. (1993), Zheng et al. (1994), Bosacchi et al. (1995), Yamaguchi
et al. (1997), Martini et al. (2003) and Mishra et al. (2006), using a variety of
physical techniques, produced results in broad agreement with these earliest
studies. Since the surface segregation of indium is more obvious than that of
gallium and aluminium, Muraki et al. (1992) measured indium segregation lengths
in INg.126Gags7aAs MQW structures grown on GaAs (100) substrates and proposed
a simple model.

Most previous indium surface segregation studies have employed two
main methods. They were (1) to compare indium compositions averaged over a
layer of finite thickness with the indium composition in the surface and (2) to
measure indium profiles at the bilayer scale. The latter is generally a more useful
approach because the indium profiles can suggest the nature of the growth
mechanism and the dependence of the indium segregation process on the
growth conditions. Such indium profile studies require small sampling depths to
minimize averaging effects which may be of the order of segregation lengths
and can suggest that segregation is occurring even when it is not. It is therefore
important that sampling depths associated with a technique should be measured
experimentally.

The model of Muraki et al. is a phenomenological model which lacks

physical detail and therefore has no predictive capacity and offers no insights
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into how the segregation process might be inhibited or prevented. This is in
contrast to the model developed here, which has a physical basis and accounts
for the dependency of the segregation process on the growth conditions such
as As, flux rate, group Il flux rate and substrate temperature.

The novel sample preparation approach, sample characterization by
High Resolution X-ray Diffraction and indium surface segregation measurements
by static Time of Flight Secondary lon Mass Spectrometry which were used here
were developed to obtain Indium segregation profiles and have been reported
previously (A. Loykaew et al. 2013). This paper proposes a new design of sample
structure to provide indium segregation lengths as a function of a variety of
growth conditions, presents a kinetic rate equation model todescribe InGaAs
segregation and describes a means of extracting Indium segregation lengths from

experimental profiles for both rising and decaying indium edges.

Material and Method

A typical structure which was grown is shown in Fig. 1.

S

Wedge cap layer
373-2369 nm GaAs g play

150 nm Al Ga,, As | Visualization layer

. 50 nm GaAs
5 periods

100 nm In, , Ga ., As | Layer of interest

50 nm GaAs

5 periods

}Reference InGaAs/GaAs MQW
100 nm In() 006030 994AS

85 nm GaAs buffer layer

GaAs substrate

Fig. 1 Sample structure containing a reference InGaAs/GaAs MQW, five InGaAs
layers of interest, a 150 nm AlGaAs visualisation layer and the GaAs wedge

shaped cap layer.
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InGaAs layers were grown with a range of combinations of group Ill growth
rates, Asq flux rates and substrate growth temperatures and these combinations
are shown in table 1. The As, flux rates are specified by the multiplication factors
which related fluxes to the minimum (optimum under normal circumstances)

flux rate employed.

Table 1 The group Il growth rates, As, flux multiplication factors and substrate

growth temperatures used for the growth of the IngopsGagogsAs layers

of interest.
Indium Group Ill Growth Asq Flux Multiplication
Substrate Temperatures *C)
Fraction x Rates (um/h) Factors
0.006 0.20, 0.40, 0.6, 0.8 1,2,3,4and 5 440, 465, 490, 515 and 540
and 1.00

Table 1 lists the five multiple InGaAs layer samples that were subsequently
grown and the conditions under which the InGaAs layers were grown in each of
these five samples. The 5" sample which involved growth interruptions was not
analysed in the present study. The rise and decay lengths of indium in the wells
were measured across the transitions from GaAs to InGaAs and InGaAs to GaAs
for the five layers using a ToF-SIMS instrument operating in static mode with a
Bi+ primary ion total dose of less than 10" ion.cm” per pulse with typical pulse
lengths of less than a few nanoseconds. Measurements were made by running
across an 8 mm x 18 mm etched surface where the etched wedge profile cut

through the multi quantum wells structure.
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A Kinetic Rate Equations Describing InGaAs Growth by MBE Including Segregation
As, processes — on an arsenic terminated surface
The equations which will be presented first relate to As, processes
occurring on an arsenic terminated surface. Since the only process open to As,
molecules arriving at a rate J45, is to thermally desorb with a temperature
dependent time constant rgesmd_ a rate equation describing the physisorbed
As4 population ﬁ;’hat steady-state is:

v

|4
— JI 19}154_
dt ASy

=0 (1)

v
Tdes,Asy

As, processes — on a group lll terminated surface
On the group Il surface the dominant As, process is the pairwise reaction

and a rate equation to describe the physisorbed As, population 15‘;;‘; is:

st Y2 o
= — 20D, (0 — = 2
2t Jas, 1 Asé( As, L e ()

where consecutive terms on the RHS describe the arrival rate 45, of Asq
from the vacuum, the rate at which two As, molecules meet and participate in
the pairwise reaction and the thermal desorption of As; molecules from the
group Il terminated surface. To explain some of the terms, g1 is a capture
number, D, is the diffusion constant of an As, molecule in the physisorbed
state on a group Il surface and Té‘gsmq‘ is a time constant associated with the
thermal desorption of an As, molecule from a group Il surface. It is assumed
that the two As, molecules produced by the pair-wise reaction immediately
chemisorb and the time constant for As, desorption is assumed different on a

group Il surface than on an arsenic terminated surface. The time constant is

large enough that the desorption rate is negligible.
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As, sticking coefficient

As, sticking coefficients will depend on the rate at which As, desorbs
from arsenic terminated surfaces and the rate of the pairwise reaction on group
Il terminated surfaces. The net incorporation rate of arsenic can be found by
summing the incorporation rate due to the pairwise reaction on group Il
terminated surfaces and the loss due to segregation and subsequent thermal
desorption of As, molecules from arsenic terminated surfaces. If the fraction of
the surface that is group Il terminated is designated as @j;; then the net
incorporation rate can be found by scaling the incorporation or loss processes
according to the group Ill or arsenic surface fractions. The net rate of incorporation
14 of arsenic across a surface of mixed terminations is then given by:

2 2(1-8y1)N,
IAS = 461DA54-(19‘£22) lgjr” _41: gf;f (3)
seg.Aso

Gallium and indium processes

An understanding of the nature of the arsenic terminated surface is
required to appreciate the group Il kinetics which are relevant to the indium
segregation process during growth. For this surface it is assumed that arriving
gallium atoms chemisorb with a short time constant Tgq chem, the physisorbed
gallium population 9%, on an arsenic terminated surface is therefore:

dd¥,

_J{ _ ﬁga.(l_FAscl.:]
dt Ga

Tchem,Ga

(@)

where Jz4 is the gallium flux arrival rate and the second term describes
the rate of chemisorption of gallium atoms with a time constant Tepem.ca-
Fys,is a physisorbed As, blocking factor expressed as the fraction of potential
group |l bonding sites that are covered by physisorbed As, molecules. This

factor can be written as:

o
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0y, (0) = LinTchemin (1 + o ) 2(1+2) o

1-Fas, Ufn"‘.f{?a)"fseg,m ka

and Bm(ﬂ) = V¥iXg = z_l (6)

Rising edge

The rising edge equation can be approximated by:

=0 ~ {1+ ye %2t} 7
Xp

where:
y = —= (8)

Tk ka tha)Z—2k Kk,

The strongest effect in equation (7) comes from the exponential factor
e~ %2t with ¥ playing a lessor role in achieving a fit between this approximation
and the experimentally observed profiles. ¥ was therefore initially free to be a
fitting parameter less than —1 and following analysis of each of the three sets
of experimental data which will yield values for all the k parameters in equation
(8), an improved value of ¥ will be obtained and used in an iterative process to
see if the values for @3 can be improved upon.

Falling edge

The slow root @, dominates other than during an initial transient due

to the fast root and so falling edge equation can be approximated by:

L = Jeaat ©)
Xp
where:
§=2" (10)
da—ds

The pre-exponential § was found to be restricted to values greater than
1 and as for the rising edge data & was initially free to be a fitting parameter

and following analysis of each of the three sets of experimental data, an
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improved value of § will be obtained and used in an iterative process to see if

the values obtained for @, can be improved upon.

Results and Discussion

Extracting d values from experimental profiles

Figure 2 in which indium mole fraction in IngguGageesAs is plotted
against depth in bilayer shows an example of the ToF-SIMS data obtained from
one of five QWSs in a sample designed to measure the effect of As, flux rate on
the indium segregation process. The declining indium signal at the far left of the
plot is from another QW presented in the same sample and it is clear that indium
levels have declined to background levels before commencement of the rising
edge of the QW which is featured in the plot. The background indium level had
already been normalized to zero and the QW was thick enough that the indium

signal had plateaued before measurements were stopped. Equation (7) could

be compared with the experimental profile and the parameters ¥ and a;
adjusted to obtain a fit which was matched at the upper end to the plateau.
The fitting of the exponential to the data was suided by a least-squares criteria
applied over the upper 70% of the transition part of the data, corresponding to
the red exponential curve shown in figure 2. A similar procedure was used to
obtain the slow root exponent factor a, from the falling edge data by matching
equation (9) to the experimental data by adjusting the parameters § and a,

and the bilayer position at which the exponential should commence.
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Rising Edge ToF-SIMS Data
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Fig. 2 ToF-SIMS data for a sample which was one of a set measuring the effect

of variations in As, flux rates on indium segregation lengths.

Multiples of this minimum As, flux rate were obtained experimentally
using beam equivalent pressure measurements performed to determine the
relationship between arsenic furnace temperature and As, flux rates. The @,
and a4 data is also shown plotted in figure 3 from which, despite considerable

scatter in the data, the trends in the two data sets are the same.

a, and o, versus J,,

0.04
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002 * - * —m
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+ alpha m alohad

Fig. 3 Plots of @y and @4 versus As, flux multiplier. The error bar associated

with these measurements is shown in the top right corner of the figure.
A role for physisorbed As, in blocking the incorporartion of the group |li

elements before they even have a chance of being more rapidly locked into

the lattice by the faster chemisorption of an overlaying arsenic surface.
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Identification of the As, site blocking role has successfully explained the
observed data and was the only process that was found to give this agreement.

Following a similar procedure as was used to analyse the As, flux rate
the indium profiles across QWs grown at different substrate growth temperatures
and different Gallium flux rates were fitted with exponential functions and the
values of a3 and a4 obtained are plotted as a function of temperature and

Gallium flux in figure 4 and figure 5, respectively.

o, and o, versus Temperature (K)
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Fig. 4 &, and a4 values plotted as a function of substrate growth temperature

(K). The linear trend line is an aid to the eye. The error bar associated

with these measurements is shown in the top right corner of the figure.
Most surface processes occurring in MBE growth and similar material

systems are thermally activated therefore higher temperature provides more

energy to arsenic atom to segregate back to physisorbed state.
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Fig. 5 a» and a4 values plotted as a function of Gallium flux Jg4

The main feature of the experimental group Ill growth rate data that
required explanation was the decrease in indium segregation lengths (increases
in o) with increasing growth rates. This behaviour was expected because higher
growth rates should result in growth of the next bilayer locking in the indium
atoms in the surface, thereby inhibiting the segregation process.

The segregation model was developed to explain the main experimental
outcomes of the indium segregation measurements which had been made.
These were that (i) an indium segregation process was clearly detected using
the experimental approach described in experiment, (i) indium segregation was
more likely at higher substrate temperatures, (iii) indium segregation was
suppressed at higher group Ill growth rates and (iv) indium segregation increased
with increasing Asq to group Ill flux ratios. The model has similarities with other
segregation models although the approach taken to treat group Il and group V
terminated areas of the surface separately and to formulate different sets of
rate equations on each of the surfaces was novel. This approach had the
significant benefit that analytical solutions to the rate equations were readily
obtained, avoiding the necessity to perform numerical integrations. One of the
most important differences between this and other segregation models has

been to include an As, site-blocking role, which inhibits the chemical
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incorporation of the group lll elements gallium and indium alike on a group V

terminated surface.

Conclusions

The use of a kinetic rate equation approach with separate equations for
each of the surface terminations was a novel approach and fortunately yielded
analytical solutions to all experimental observables of interest. The indium
segregation was more likely at higher substrate temperatures and higher As, to
group Il flux ratios due to As, site blocking role and thermal activation. On the
other hand, indium segregation was suppressed at higher group Ill growth rates

because growth of the next bilayer locks the indium into the crystal structure.
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