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Abstract InAsBi/InAs heterostructures were elaborated
on semi-insulating GaAs substrate by atmospheric pressure
metalorganic vapor phase epitaxy. Spectral reflectance in
the range of 400—-800 nm was employed to in situ monitor
epitaxy. In order to determine optical constants of InAsBi
films, an optical model incorporating two parameters: time-
dependent surface roughness and time-dependent growth
rate was established to simulate the in situ reflectance.
Since bismuth has a crucial effect on surface kinetic mech-
anisms during growth of III-V semiconductors, a theoreti-
cal motivation introducing these two parameters instead of
a standard single rms roughness and growth rate was pro-
vided. In order to evaluate the structural and optical prop-
erties of this material, reflectivity responses were analyzed
for several wavelengths. Results were ex situ correlated
with atomic force microscopy measurements.

1 Introduction

The addition of a small amount of bismuth in conven-
tional III-V alloys leads to the formation of a new class
of semiconductor compounds called ‘dilute bismides’.
In fact, they have been proposed as materials with a large
band gap reduction and relatively temperature-insensitive
band gap [1-3]. Therefore, it is possible to improve the
high-temperature performance of optoelectronic devices
such as uncooled long wavelength infrared photo-detectors
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[4], lasers [5]. The synthesis of dilute bismides has been
actively pursued with different growth techniques to take
advantage of such properties [6—-10]. The growth of such
materials is very challenging and suffers from a large mis-
cibility gap because the alloys are formed through isoelec-
tronic substitution of group V elements with very different
atomic sizes. That’s why film morphology departs from
homogeneity in several ways, including phase separation
[11], atomic ordering [12] and surface-droplet formation
[13]. Svensson et al. [14] have grown InAsBi/InAs lay-
ers by molecular beam epitaxy Photoluminescence (PL)
characterization shows a local phase separation. Because
of such phenomena, these materials have very particular
growth processes which require more study. In situ tech-
niques are helpful in order to follow the growth mechanism
behavior and allow difficulty origin understanding. Spectral
reflectance is one of powerful and elementary in situ moni-
toring epitaxy techniques for determining physical param-
eters of layers such as thickness, composition and optical
refractive index.

In this paper, we present analysis of in situ spectral
reflectance signals recorded during the metalorganic vapor
phase epitaxy (MOVPE) of InAsBi/InAs/GaAs structure.
An optical model incorporating time-dependent surface
roughness and time-dependent growth rate was established
to simulate reflectivity response. Transitory growth rate,
surface roughness and optical constants are successfully
determined for InAs and InAsBi.

2 Experimental procedure
InAsBi/InAs heterostructure was grown on semi-insulat-

ing GaAs substrate by atmospheric pressure MOVPEat
a temperature of 375°C. Trimethylbismuth (TMBI),
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trimethylinduim (TMIn) and pure arsine (AsH;) were used
as precursors. The substrate temperature was measured by
a thermocouple inserted into the graphite susceptor. Before
growth, substrate surface was cleaned by thermal desorp-
tion in presence of AsH; flow at 700 °C for 15 min in order
to remove the native oxide. Then, growth temperature was
decreased down and stabilized at the required value. After-
wards, an InAs buffer layer was grown for 2000s. Finally,
TMBi was supplied to start InAsBi layer growth. The
growth was monitored in situ by spectral reflectance (SR)
technique. A halogen lamp was used as a light source, pro-
viding continuous spectral output from 380 to 2400 nm.
Two optical fibers were used to carry the incident and the
reflected beams, attached to the reactor windows under 30°
angles with respect to the normal of the wafer surface. The
reflected signal is detected by a spectrometer containing a
charge coupled device (CCD). Then it is transferred to a
personal computer. The experimental reflectivity signal (R)
can be calculated as below:
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where R is the reflected intensity of the studied sys-
tem, R,oppence 18 the GaAs substrate reflectance measured
at 375°C prior the growth of InAs layer, and R, is the

intensity measured when the incident light source is turned
off.

sample

3 Results and discussion

Figure 1 shows high-resolution X-ray diffraction (HRXRD)
(004) ®-26 curves for the InAsBi/InAs/GaAs heterostructure
compared to InAs/GaAs sample. Two diffraction peaks are
clearly resolved. However, the right narrow peak with a full
width at half maximum (FWHM) of around 35 arcsec cor-
responds to the GaAs substrate. Other than substrate peak,
a weak and wide peak located on its left side corresponds
to the grown layer. Compared with the InAs pattern, the
InAsBi related peak has a larger FWHM and a narrow shift
at the lower-angle side shows low Bi incorporation. The Bi
content in InAsBi heterostructure extracted from HRXRD
measurements is about 1.4%. This value was estimated using
Vegard’s law by means of symmetric (004) and asymmetric
(115) reflections /20 measurements. The lattice constant of
the hypothetical zinc blend InBi is assumed to be 7.024 A
[15]. Figure 2 presents the normalized experimental reflec-
tivity, for a wavelength of 700 nm, as a function of growth
time of InAsBi/InAs/GaAs heterostructure. The data in this
plot is normalized to the growth temperature reflectivity just
prior to InAs deposition following Eq. (1). After the anneal-
ing stage, the experience was started by the deposition of

GaAs
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Fig. 1 High resolution X-ray diffraction (004) experimental «/20
curves of InAsBi/InAs/GaAs heterostructure and InAs/GaAs sample
grown at the same growth parameters
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Fig. 2 Normalized experimental reflectivity response during pro-
cess time of InAsBi/InAs/GaAs heterostructure growth for a wave-
length of 700 nm. Dashed lines indicate the temporal positions of the
extrema

InAs buffer layer followed by the active InAsBi one. When
TMIn is introduced into the reactor, the reflectivity intensity
shows different oscillations with different periods. This is due
to the large lattice mismatch between InAs and GaAs, leading
to the appearance of islands on the substrate surface in the
first growth phase. These islands will grow and coalesce via
a three-dimensional (3D) process. Then, dislocations with a
high density are formed on the InAs relaxed surface layer at
an advanced stage of growth. The transition from 3D to 2D
growth mode causes a change in the absolute InAs growth
rate (resulting from the contribution of lateral and vertical
growth rates) as a function of time, and causes a particular
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behavior in the recorded reflectivity oscillations. Moreover,
reflectivity signal presents oscillations damping with deposi-
tion time. Any damping would result from roughness and/ or
absorption coefficient of InAs for used wavelength [16]. Now,
when TMBi is added to last mixture flow, reflectivity signal
starts by an increase indicating a film formation with different
refractive index from InAs buffer layer. After this increase,
the reflectivity signal damps quickly due to the absorption
coefficient of InAsBi layer at 700 nm and surface roughness
effect which arises from a 3D nucleation and growth pro-
cess. An accurate analysis of in situ reflectance shows a clear
change in the growth rate between the two layers. This obser-
vation arises from the change in corresponding periods, since
growth rate is defined as:

V = A
¢ 2n/1T/l(coser)/1 @

where A, n,,T, and (0,) , are the wavelength, the refrac-
tive index, the oscillation period and the refraction angle,
respectively. Thus we clearly observe that InAsBi oscil-
lation period is larger than that of InAs. It is known that
using Bi as surfactant and/or incorporating element
decreases the growth rate [17, 18]. So, compared to InAs,
growing InAsBi exhibits lower growth rates. These obser-
vations will be subsequently confirmed by simulations and
quantitative analysis.

In order to quantify these behaviors, we try to simulate the
experimental data using recurrence method. We focus our
attention on simultaneously extracting growth rates, rough-
ness and optical constants for each stage. Breiland et al. [19]
have developed an effective interface model for multi-layer
structures with smooth interfaces to yield the refractive index
of GaN layer and the growth rate from in situ reflectivity sig-
nal. This view is closely related to the concept of “equivalent
layer”. Hauge [20] showed how any multiple-layer film is the
same as a single layer on an “effective substrate”. For films
grown with rough surfaces, quantitative analysis models have
been developed to incorporate time-dependent surface rough-
ness, and time-dependent growth rate, into the effective inter-
face model. In our study, a quantitative optical model, includ-
ing both time-dependent growth rate and time-depending
surface roughness, has been successfully applied to simulate
the reflectance evolution in order to determine the refrac-
tive index of InAsBi layer at growth temperature. Basing on
Fresnel equations, for reflections from each smooth interface,
and including the absorption properties of each layer through
the imaginary part of its complex refractive index, we arrive
at the following equations for the total complex reflection
coefficient (r,,) in the two modes (s and p).

i,
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T34, and ry3,, re the reflection coefficient for the first stage
of growth (InAs) in modes s and p respectively.
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where 755, 15,7235 T23p0 T34, and 13y, are Fresnel coeffi-
cients at interface vacuum/InAsBi, InAsBi/InAs and InAs/
substrate respectively. ¢, = % is the incidence angle and the
successive refraction angles ¢; are defined by the following
equation:

ey + kL
cosp; = |1 - —=—— |(1 = cos?o,_) (13)

n? — k2
1 l

N,,N,,N; and N, are respectively the refractive index
of vacuum, InAs buffer layer, InAsBi layer and GaAs
substrate.

o, represents the phase change when light passes
through layer i and is expressed by:

6 = INdcose, (14)

where N, d; and cosg; are the refractive index, the thick-
ness and the refractive angle of i layer, respectively.

The effective Fresnel coefficients for the rough surface
are defined by the equations below, in which the modifi-
cations factors are functions of o(t) (roughness profile).
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r), = rpa(t): 1y, is the Fresnel reflection coefficient at
the interface Ambient/Layer.

r), =1 B(t): 1, is the Fresnel reflection coefficient at
the interface Layer/Ambient.

where

2
a() = exp { ) [2”2(”] } (15)
2ro(t) 2 )
p(t) = expq =2 ) N, (16)

2 2
R e L N

After these modifications, and by applying the tra-
ditional summation procedure, the complex reflectance
amplitude for a rough surface has been obtained and
expressed as below:

aa(®) + 1o, [0 + 1y (@) = (1)) | ep - 2 )

by Liu et al. [25] was used to model how the growth rate
evolves as a function of growth time. The initial roughness
is considered as a free fit parameter. Figure 3 presents the
best fitting of the experimental reflectivity curves versus
time for selected wavelengths: 400, 500, 550, 600, 700 and
800 nm, where the theoretical curves presented by continu-
ous red line. A good agreement between experimental and
simulated curves is seen. The evolutions of fitting param-
eters are reported in Fig. 4. The dependence of growth rate
versus growth time could be associated to a morphology
transition from 3D to 2D growth mode. For InAs layer the
growth rate increases to reach its limit value as detailed
in Fig. 4a. So we can subdivide it in two regimes, the first
one is an increasing profile where the growth mode is 3D.
Indeed due the large lattice mismatch between InAs layer
and GaAs substrate (7%) [26], the first stage of the growth
procedure is characterized by the presence of islands on the
substrate surface (see the schematic drawing of the growth
modes in the inset). These islands will grow and coalesce
via a 3D process (as shown in Fig. 4a). Then InAs growth

r’(t): i
1+ruQJKOww(—L1L§Bﬂ&>

(18)

The surface roughness profile o(t) is expressed as below:

t—t,

o(t) = opexp [T]

where o, is the initial surface roughness at the start time £,
and «a is the damping time of the layer.

It is well known that roughness sensitivity depends on
the wavelength of the incident light. In most cases the pres-
ence of roughness handicaps the performance of devices
except for solar cell which needs a textured surface in
order to collect a maximum beam of sun light. There are
some previous reports on estimating surface roughness and
refractive index from reflection measurements with differ-
ent methods [21-23]. In general, as one attempts to esti-
mate several parameters simultaneously, the fits become
less accurate. Note that growth rate under known growth
conditions, can be determined previously based on earlier
experiments [21]. In addition, a large spectral range of the
incident beam is needed to investigate more precisely all
parameters. For this purpose we have developed a numeri-
cal code using least square minimization which allows real
time computation of a multilayer system reflectivity. The
start point is to estimate input initial parameters. So, growth
rate profile determined from oscillations periods and the
refractive index of InAs as reported by Aspnes et al. [24]
are introduced, initially, in order to determine iteratively
the final results. The time-dependent relationship proposed

rate reaches a limit value and remains constant, where the
growth mode passes to a 2D mode. While InAsBi growth
rate (Fig. 4b) has an increasing profile proving a 3D growth
mode which can be attributed to the properties of bismuth
atom. This earlier is characterized by strong surface seg-
regation which promotes 3D growth mode. We note that
InAsBi layer has a growth rate lower than that of InAs
one. Qualitatively, this result is in good agreement with
that reported by Ma et al. [27]. Quantitatively, our growth
efficiency values are lower than those estimated in this last
work. This difference can be attributed to the difference
between the two used substrates. This growth rate reduction
may be caused by the presence of bismuth into the reactor.
Indeed, Bi changes significantly the interactions between
mixture gaseous species and the solid surface giving rise to
a surfactant effect or segregation phenomena. Similar effect
was identified during growth of GaAsBi alloys [28, 29].
Figure 4c shows roughness profile during the two growth
stages of InAs and InAsBi layers. We can see that the cal-
culated roughness increases during time process. The evo-
lution lines demonstrate that the last stage of growth is the
most affected by roughness. Also, more the wavelength is
low, more the roughness is high. Particularly, the sensitivity
to the roughness becomes more important when the excita-
tion wavelength decreases, and approaches the mean size
of an island undulation describing the surface morphology.
In fact, this observation is also supported by the low depth
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Fig. 3 The experimental (squares) and simulated (solid line) reflectance recorded during epitaxy of InAs/InAsBi layers for A=400, 500, 550,
600, 700 and 800 nm. Dashed lines indicate the temporal positions of InAsBi growth start

penetration of the incident beam which is inversely propor-

tional to the absorption coefficient.

In order to correlate in situ roughness determined by
simulation, and ex situ roughness determined by AFM

@ Springer

measurements, we present in Fig. 4d final roughness
extracted from Fig. 4c as a function of wavelength com-
pared to roughness value given by AFM. The mean value
obtained from reflectivity (called optical roughness) is
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experimental and theoretical reflectivity responses. a The growth
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Fig. S Spectral dependence

of refractive index (a) and
extinction coefficient (b) of
InAs material calculated in this
work compared to that given by
Aspnes et al. [23]

Fig. 6 Spectral dependence of
refractive index (a) and extinc-
tion coefficient (b) of InAsBi
layer calculated in this work
compared to the InAs one and
Webster et al. work

of about 27 nm. This value is in a good agreement with
that deduced by ex situ AFM measurements. Zuiker et al.
[30, 31] show that the root mean square (rms) surface
roughness determined by in situ laser reflectometry is in
a good agreement with ex situ AFM measurements for
values under 60 nm. While others claim that it is gener-
ally difficult to expect a good agreement between the two
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measurements [32]. Finally, let’s focus on the refractive
index of layers (InAs and InAsBi) as parameters used to
successful reproduce experimental reflectivity signals.
For InAs buffer layer, we have adopted the refractive
index determined experimentally by Aspnes et al. [24]
as a starting parameters in our simulation. Fitting results
using these optical constants show bad reflectivity signal.
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So, a correction in the refractive indices values is needed.
Adjusted values deduced from reflectivity simulation are
presented in Fig. 5. Note that InAs real part presents a
maximum at 2.48 eV which correspond to the higher
interband transition relative to the critical point E; [24].
Our results show that this value is shifted by —0.23 eV.
This difference may be attributed to thermal effect on the
band structure. Indeed, Massoudi et al. [33] found, for
this critical point, a shift of —0.29 eV at a growth tem-
perature of 450°C. Unfortunately, less informations are
available on optical constants of InAsBi. That’s why we
have used the refractive indices of InAs layer extracted
from simulation as a starting parameters. Refractive
index of InAsBi layer extracted from simulation are
shown in Fig. 6 as a function of wavelength. These values
are compared to those found for InAs, and bibliographic
data of InAsBi [2]. It can be seen that the evolution of
the refractive indices of InAsBi fitted curve has a similar
behavior than that of InAs. However, the extinction coef-
ficient of InAsBi is significantly higher than that of InAs.
This results from the energy band gap reduction [4]. On
the other hand, the real part maximum of InAsBi shows
the same value as that of InAs with the same energy shift,
indicating a similar sensitivity to the temperature vari-
ations. Comparing our results to bibliographic data [2],
we can say that there is a good agreement in the real
part variation. However there is a small difference in
the imaginary part. This analysis reveals the variation of
InAsBi band gap with Bi composition which can persists
in imaginary part evolution. The high degree of correla-
tion between optical data given by in situ analysis and
those given by spectroscopic ellipsometry has been an
ongoing challenge [21].

4 Conclusion

Spectral reflectance ranging from 400 to 800 nm is used
to control MOVPE growth of InAs and InAsBi layers
deposited on GaAs substrate. This technique is a pow-
erful tool for monitoring thin-film growth. Real time
in situ monitoring of reflectance provides a distinct inter-
ference oscillations giving helpful information about
physical properties of elaborated material. Using our
proposed model for spectral reflectance simulation, we
have obtained the refractive index, the roughness and the
growth rate profiles for each layer.
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