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Abstract: Semiconductors such as InAs with high dopant concentrations have a variety of
applications, including as components of mid-infrared optoelectronic devices. Unfortunately,
growth of these materials by molecular beam epitaxy is challenging, requiring high growth rates
and low growth temperatures. We show that the use of a bismuth surfactant improves silicon
incorporation into InAs while simultaneously reducing the optical scattering rate, increasing the
carrier mobility, reducing surface roughness, and enabling growth at higher substrate temperatures
and slower growth rates. We explain our findings using microscopic theories of dopant segregation
and defect formation in III-V materials.
© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1.

Introduction

The mid-infrared (MIR) is a technologically important wavelength range for a variety of
applications in sensing, imaging, and defense [1]. This is because the MIR contains the unique
vibrational and rotational absorption spectra for a variety of molecules of interest in addition to
thermal radiation across a wide range of temperatures. A large number of semiconductor-based
optical devices have become available in this wavelength range in the past decade, including
quantum cascade lasers, type-II superlattice detectors, and a variety of passive optical components.
Unfortunately, the large free-space wavelength of MIR radiation generally requires relatively
large optical devices. One way to decrease the size of these devices as well as create on-chip
MIR systems is by leveraging plasmonic structures. Plasmonic and metamaterial structures in the
visible spectral range have shown great promise when integrated with the existing visible optical
infrastructure. However, traditional visible plasmonic materials like gold and silver are not as
effective in the MIR, due to their large, negative permittivities. Instead, we must use alternative
materials.
Doped III-V semiconductors have been shown to be good designer plasmonic metals in the MIR,
enabling light confinement at the subwavelength scale [2–8]. These materials have been used to
create layered hyperbolic metamaterials, enhanced infrared detectors, subwavelength antennas,
and environmental sensors [4,9–13]. One of the major advantages of using doped semiconductors
as MIR plasmonic materials is the ability to natively integrate plasmonic structures with active
devices during a single growth, enabling easy fabrication and minimizing losses [14,15]. Among
the III-V semiconductors, silicon-doped InAs is widely used, due to its extremely high maximum
doping level and small electron effective mass, leading to some of the shortest plasma wavelengths
in this material class. Unfortunately, the growth of highly-doped InAs with good optical quality by
molecular beam epitaxy is not easy because the silicon donor atoms tend to surface-segregate at
high doping densities, leading to defects in the structure [16–18]. Significant surface roughening
occurs, leading to large optical scattering rates and low electron mobilities. A fast growth
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rate (>1.5µm/hour) and a relatively low growth temperature (below ∼450°C), are needed to
incorporate silicon dopants above a density of ∼1 × 1019 cm−3 while maintaining good material
quality. Because the growth window is extremely narrow, it is difficult to reproducibly grow
Si:InAs with doping densities higher than ∼1 × 1019 cm−3 . In addition, other lattice-matched
III-V semiconductors, like AlSb and GaSb, favor a higher growth temperature (over 500°C). The
strict growth conditions of highly-doped InAs make growth challenging and limit its ability to be
integrated with other III-V semiconductor devices. To date, the microscopic mechanism behind
the surface roughening observed in heavily-doped InAs has not been explored.
One common way to improve material growth generally is by using surfactants. The use of
bismuth as a surfactant has been reported for the epitaxial growth of germanium [19], InAs
quantum dots [20–22], GaAs-InGaAs heterostructures [23], InAsSb [24,25], and many more
systems [26–28]. Bismuth improves the growth of III-V semiconductors by suppressing the
diffusion of group III atoms, preventing the 3D growth mode [29–31]. A key advantage of
bismuth as a surfactant is that it does not incorporate into III-V semiconductors unless the growth
temperature is below 350°C [32,33]. Other surfactants like tellurium [34,35] and antimony
[36,37] will either introduce significant defect levels or incorporate into the lattice.
In this paper, we investigate the surfactant effect of bismuth on the growth of silicon-doped
InAs. We show that the use of small amounts of bismuth reduces surface roughness, lowers the
optical scattering rate by a factor of two, and improves silicon incorporation. In addition, we
find that using a bismuth surfactant enables high-quality growth of Si:InAs at higher substrate
temperatures and at slower growth rates, paving the way for incorporation of this plasmonic
material with existing optical devices in the 6.1 Å family. The relaxed growth conditions also
enable more reproducible material growth. We explain our results using a microscopic model of
dopant incorporation that includes Coulomb repulsion between the ions, Fermi level pinning
effects, and defect formation.
2.

Methods

All samples were grown by molecular beam epitaxy (MBE) directly on semi-insulating GaAs
substrates. GaAs and InAs have about a 7% lattice mismatch. While this large lattice mismatch
is not ideal, it is still possible to grow high quality InAs on GaAs. It has been shown that when
growing GaSb, which has a similar lattice constant to InAs, on GaAs, the GaSb relaxes to form
primarily 90° dislocations at the interface under the right growth conditions [38]. Additionally, it
has been shown any defects from the lattice mismatch have little effect on the carrier concentration
of the Si:InAs [2]. The first set of samples (shown in Fig. 1) were grown at a constant substrate
temperature of 380°C and an As2 :In beam equivalent pressure (BEP) ratio of 13. This first set of
samples had a thickness of approximately 500 nm. Some samples were grown with an additional
constant bismuth flux of 5 × 10−7 Torr giving Bi:In flux ratios of 0-4% depending on growth rate.
A second set of samples (Figs. 2, 3, and 4) were grown with an As2 :In BEP ratio of 6.5, Bi:In flux
ratios varing from 0% to 4%, and growth temperatures ranging from 450°C to 550°C. These sets
of samples were all around 1µm thick. The InAs growth rate and silicon cell temperature were
constant for this second set of samples. We use a Bruker Vertex 70 V Fourier transform infrared
spectroscopy (FTIR) to collect reflection spectra at a nearly-normal, 10 degree incident angle
using a DTGS detector with a spectral resolution of 4cm−1 and a scan velocity of 10kHz. The
reflection data is normalized to reflection from a gold mirror set at the same angle. The plasma
frequency, ωp , and the scattering rate, Γ, are extracted from the reflection data using a transfer
matrix method in which the Si:InAs is modeled as a Drude material:
!
ωp2
εSi:InAs = εs 1 − 2
(1)
ω + iωΓ
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where εs is the high-frequency permittivity of the undoped InAs and ω is the frequency of
incident light. Room temperature Hall effect measurements are performed using a custom-built
four-point van der Pauw setup to obtain the bulk carrier density (n3D ) and the mobility (µ).

Fig. 1. Film surface quality as a function of growth rate and silicon concentration for
films grown with a bismuth surfactant (blue squares and purple crosses) and without (green
diamonds and red plusses). Films either show a specular surface (green diamonds and blue
squares) or a diffuse surface (red plusses and purple crosses).

3.

Results and discussion

As previously discussed, high growth rates have been used to incorporate large densities of silicon
dopants into InAs while retaining a smooth surface. However, large fluxes can be difficult to
maintain, and high growth rates are not always practical. In Fig. 1, we show data for Si:InAs
films in which the growth rate and silicon flux were varied while the substrate temperature was
held constant. Some samples were grown with a bismuth flux of 5 × 10−7 Torr, while others
were grown without bismuth. For samples with a relatively high growth rate (>2.0 Å/s) and
silicon concentrations below 1 × 1020 cm−3 , the films were smooth with or without the bismuth
flux (blue squares and green diamonds, respectively). However, for samples grown without
bismuth at lower growth rates or with larger silicon fluxes, the surfaces were rough (red plusses).
Under identical growth conditions using the bismuth surfactant, the surface became smooth and
specular again. With the bismuth surfactant, specular surfaces with silicon concentrations of
greater than 1020 cm−3 were achieved, a record for this material system. At extremely high silicon
concentrations, the surface is rough even with the bismuth surfactant (purple cross). However,
the use of bismuth substantially increases the growth window for high optical quality films at
low substrate temperatures. For all samples, the silicon concentration was determined with Hall
effect measurements. Additionally, we verified that there was no bismuth present in the Si:InAs
films after growth using electron diffraction spectroscopy (EDS), which has a detection limit
around 0.5wt%.
In the second set of samples, the growth rate and silicon flux are held constant while the
substrate temperature and bismuth flux are varied. The electrical and optical properties for these
samples are plotted in Fig. 2. In Fig. 2(a) and (b), we plot the carrier density and mobility,
respectively, for samples grown with varying bismuth fluxes at substrate temperatures ranging
from 450°C to 550°C. Filled symbols indicate samples with a specular reflective surface, while
open symbols indicate a diffuse cloudy surface. The dotted line in Fig. 2(a) indicates the nominal
flux of silicon atoms. This flux was determined by growing InAs calibration wafers using the
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Fig. 2. Carrier density (a) and mobility (b) as determined by Hall measurements and plasma
wavelength (c) and scattering rate (d) as determined by optical measurements as a function of
substrate temperature for samples grown with no bismuth (red square), 1% bismuth (orange
circle), 2% bismuth (green up triangle), 3% bismuth (blue down triangle), and 4% bismuth
(purple diamond). Filled symbols indicate samples with a specular surface; open symbols
indicate a diffuse surface. Dotted line in (a) indicates the nominal flux of silicon atoms.

same silicon effusion cell conditions and performing Hall measurements to extract the carrier
density. We assumed a silicon incorporation and ion ionization efficiency in our calibration films
of 100%. The film grown without the use of bismuth at 450°C (red square) shows a diffuse
surface, with a low carrier density and a low mobility. However, adding a flux of 1% bismuth
(orange circle) increases the carrier density to the expected value, increases the mobility, and
leads to a specular surface. An increase in bismuth flux to 2% (green upward triangle) further
increases the carrier density, with no effect on the sample mobility to within error bars. This is
likely caused by improved substitution of silicon atoms on the group III site compared to the
silicon dopant incorporation in our calibration film. Bismuth is known to improve incorporation
and reduce surface segregation in other material systems [23,39–41]. It is therefore reasonable
to assume that the bismuth surfactant has helped improve silicon incorporation in this case
as well, thereby leading to a slightly higher than expected doping density. The use of the 2%
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bismuth flux also allows us to increase our growth temperature while maintaining a specular
surface. At intermediate growth temperatures, we observe a small increase in carrier density with
a corresponding decrease in mobility, possibly due to an increase in scattering from incorporated
ionized impurities. Finally, when we reach a substrate temperature of 550°C, samples grown with
2% bismuth show a diffuse surface, with a decrease in carrier density. By increasing the bismuth
flux to 3%, we recover a specular surface and increase the carrier density slightly. However,
increasing the bismuth flux further to 4% results in a diffuse surface. Interestingly, all three
samples grown at 550C show the highest mobilities, with no difference (to within error bars)
among the samples. We attribute this to improved crystallinity of the InAs film when grown at
these high temperatures.
In Fig. 2(c) and (d), we show the plasma wavelength and scattering rate, respectively. The trends
in these data are similar to those shown in Fig. 2(a) and (b), with shorter plasma wavelengths
obtained at higher substrate temperatures with a bismuth flux. Since the plasma wavelength is
proportional to the free carrier density, this is as expected. However, the scattering rate does
not precisely mirror the mobility. Although this may appear surprising at first glance, it can be
explained by noting that the mobility is a DC measurement, while the scattering rate is measured
at high optical frequencies. Therefore, it is not unreasonable for these two measurements to differ
slightly.
The use of a bismuth surfactant improves both the electrical and optical properties of silicondoped InAs films. To understand this effect, we must first discuss the microscopic behavior of
silicon dopants in III-V systems. To date, most investigations have been in the silicon-doped
GaAs system; we will use much of this formalism in our discussion of silicon-doped InAs. We
will also focus solely on n-type silicon doping. The upper doping limit depends on the growth
temperature, the III:V ratio, and the growth rate as well as the material-specific intrinsic Fermi
level stabilization point. One major driving force controlling the maximum electron concentration
in III-V materials is the Coulomb repulsion between the ionized donor cores [42]. The surface
Fermi level for most III-V semiconductors is pinned, leading to a surface accumulation or
depletion region. This sets up an electric field near the surface of the film. The silicon atoms
within the III-V material are ionized, leading to a Coulomb repulsion between the atoms. The
combination of the Coulomb repulsion and the surface electric field drives charged impurities
to drift toward the surface, where they accumulate. Using this model, the maximum impurity
concentration will be obtained with the growth rate equals the impurity drift velocity toward the
surface. Higher growth rates should therefore result in larger maximum dopant densities, as
we observe in Fig. 1. In addition, this theory predicts a quadratic relationship between growth
rate and dopant incorporation. The red line drawn in Fig. 1 separating smooth and rough films
grown without bismuth shows this quadratic dependence, indicating that Coulomb repulsion
between ionized donor cores is a significant factor contributing to surface roughening. The use of
a bismuth surfactant generally suppresses the surface adatom mobility, reducing the surface free
energy thereby reducing the diffusion of silicon atoms toward the surface. Bismuth surfactants
can therefore improve the incorporation of silicon atoms into the III-V matrix, shifting this red
line to the left, as shown in Fig. 1.
In addition to surface roughening caused by Coulomb repulsion, we must also consider
defect formation. The behavior of silicon in GaAs is extremely complex: multiple defect
states are possible, including SiGa , SiAs , SiGa -SiAs pairs, SiGa -VGa pairs, and other less-common
higher-order defect and vacancy complexes [43]. Multiple authors have found that the doping
of semiconductors follows a “pinning” rule. When a material is doped, its Fermi level rises
into the conduction band until it reaches the pinning energy, after which it is impossible to raise
the Fermi level further [44,45]. This is due to the formation of defects that compensate the
intentional dopants. By raising the Fermi energy into the conduction band, the formation enthalpy
of intrinsic acceptor defects is reduced. These compensating defects have been identified as
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closed shell acceptor defects, for which the energy required to form the defect states is canceled
by the energy required to occupy them [45]. This will limit the doping for InAs specifically
to ∼1 × 1020 cm−3 , regardless of growth rate. However, this limitation can be overcome by
kinetically inhibiting the formation of such defects by growing at low substrate temperatures; this
technique has successfully been used for Si:InAs. However, as shown in Fig. 2, the change in
growth kinetics with the addition of bismuth will suppress the formation of compensating defects,
enabling growth at higher substrate temperatures. Specifically, calculations show that the major
compensating defects in most III-V materials are cation vacancies and DX centers. Bismuth
acts to help incorporate group III elements, which will lead to a concomitant reduction in cation
vacancies, suppressing the formation of these defect complexes. In this way, bismuth allows us to
move the Fermi energy above the pinning energy while also promoting silicon atom incorporation
into the lattice, resulting in an increase in carrier density even at high substrate temperatures.
In addition to measuring the optical and electrical properties of the samples shown in Fig. 2,
we also investigated their surface morphology using optical microscopy, scanning electron
microscope (SEM), and atomic force microscopy (AFM). These data are shown in Fig. 3. For
the sample grown without bismuth (Fig. 3(a)), we observe many dark spots under the optical
microscope, corresponding to the diffuse surface. SEM (inset, Fig. 3(a)) and AFM (Fig. 4(a))
images collected on this sample show that the dark spots are actually deep trenches elongated
along the [110] direction. We hypothesize that these trenches are actually large clusters of silicon
atoms. In heavily silicon-doped GaAs, similar trenches have been observed in both transmission
electron microscopy and scanning tunneling microscopy measurements [46,47]. The observed
trenches were elongated along the [110] direction and their length corresponded to the density of
silicon atoms as well as the growth temperature; higher densities led to more and longer trenches.
The observed trenches in our heavily-doped InAs show characteristics similar to those observed
in GaAs, including elongation along the same crystal axes. It is therefore reasonable to assume

Fig. 3. Optical microscope images for samples grown at 450C with bismuth fluxes of 0% (a)
and 1% (b). Insets show corresponding scanning electron microscope images. Rectangular
trenches are observed in (a), while (b) is featureless.
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that they are also caused by a similar mechanism, namely silicon aggregating on the surface. In
Fig. 3(b), we show images collected from the sample grown at 450°C with a Bi/In flux ratio of
1%. This sample appeared shiny to the eye and was smooth and featureless under both optical
microscopy and SEM, with no observable trenches. We can attribute this to the change in surface
energy due to the presence of the surfactant leading to a reduction in silicon diffusion toward the
surface. Since the silicon atoms are incorporating into the lattice rather than accumulating at the
surface, the trenches due to silicon clustering have disappeared.

Fig. 4. Atomic force microscope images for samples grown at 450C with bismuth fluxes of
0% (a) and 1% (b). Note the difference in scale. (c) RMS roughness as a function of growth
temperature for samples grown with a bismuth flux of 2%; surface roughness increases
above ∼500C. (d) RMS roughness as a function of bismuth flux for samples grown at 450C
(black squares) and 550C (red circles).

Finally, we collected AFM images and calculated the root mean square (RMS) roughness for
all samples shown in Fig. 2; these data are presented in Fig. 4. Figure 4(a) and 4(b) show AFM
scans for samples grown at a substrate temperature of 450°C and Bi/In flux ratios of 0% and 1%,
respectively. The sample grown with the bismuth surfactant is smooth and featureless, while the
sample without bismuth exhibits elongated deep trenches, consistent with the images presented in
Fig. 3(a) and (b). Figure 4(c) plots the RMS roughness for samples grown at either 450°C (black
squares) or 550°C (red circles) as a function of bismuth flux. The RMS roughness of samples
grown at 450°C drops from 64.4nm to less than 0.7nm when the Bi/In flux ratio changes from 0%
to 1%, indicating a significant smoothing effect caused by the bismuth surfactant. For samples
grown at 550°C, the RMS roughness is lowest for a 3% bismuth flux. This sample is the only one
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grown at 550°C that is shiny to the eye; it also shows the lowest scattering rate of this group of
samples. At higher bismuth fluxes, the RMS roughness increases again. Finally, in Fig. 4(d), we
show the RMS roughness as a function of growth temperature for samples grown with a bismuth
flux of 2%. The RMS roughness remains below 15nm when the growth temperature is below
520°C, but at higher temperatures, the RMS roughness increases significantly.
Taken together, these data suggest multiple mechanisms for surface roughening. At low
temperatures and low bismuth ratios, elongated trenches form due to silicon clustering at
the surface, as previously described. At moderate bismuth fluxes (Fig. 4(c) black squares),
RMS roughness decreases due to the surfactant effect whereby bismuth not only suppress the
mobility of group III atoms, it also suppresses the redistribution of silicon atoms which tend
to surface-segregate. At constant bismuth flux (Fig. 4(d)), the surface roughness increases as
the temperature increases due to thermal roughening and an increase in arsenic desorption.
Finally, when large bismuth fluxes are used at a constant temperature (Fig. 4(c) red circles),
bismuth-indium complexes can form during the growth, resulting in a rougher surface [27]. This
interplay between bismuth flux and substrate temperature sets up a competition among these
effects, resulting in a variety of parameters combining to give similar effects.
4.

Conclusions

In conclusion, we have studied the effect of a bismuth surfactant on the electrical, optical, and
structural properties of heavily silicon-doped InAs films grown using molecular beam epitaxy.
A small bismuth flux can lower the scattering rate, increase silicon incorporation, and improve
the surface morphology of highly doped InAs films. The reduced scattering is crucial for the
development of low-loss plasmonic structures in the mid-infrared. In addition, the use of bismuth
as a surfactant enlarges the growth window, allowing the growth of high-quality material at much
lower growth rates and at much higher substrate temperatures. This is crucial for reproducibly
obtaining high-quality plasmonic InAs and for the epitaxial integration of highly-doped InAs
with other lattice-matched semiconductors (GaSb, AlSb) and optoelectronic devices.
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