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ABSTRACT

In this study, electronic transport properties of n-type modulation-doped Ing 3,Gag ¢gAs/GaAs quantum well (QW) quasi 2D
structures and the effects of post-growth rapid thermal annealing and growth temperature are determined. Electron Hall mobility
and carrier concentration of Ing 3, Gag g As/GaAs QW were determined using the Hall effect measurement at a temperature range
between 4.2 K and 300 K. While the low-temperature electron mobility has temperature-independent behavior, electron mobility at
high-temperatures deteriorates drastically. However, for low-temperature growth samples, electron mobility shows a slight increase
at lower temperatures. The effects of annealing and growth temperature on electronic transport properties are investigated and
compared in terms of carrier mobility, carried density, effective mass and scattering mechanisms. To determine the dominant
scattering mechanisms in the 2D structures of Ing 3pGag 6g As/GaAs, temperature-dependent Hall mobility results are fitted using
an analytical model, considering all possible scattering mechanisms (interface roughness, alloy disorder, acoustic phonon, polar
optical phonon and remote ionized impurity scattering) in the 2D samples. Magnetotransport (MR) measurements were carried
out between 4.2 K and 50 K and the effective mass, Fermi level, and 2D carrier density were calculated by analyzing amplitudes
of temperature dependence Shubnikov de Haas (SdH) oscillations. Our results indicate that the effects of annealing at 700°C-600s
reduce interface roughness and alloy disorder scattering, thereby enhancing electron mobility. Post-growth thermal annealing
improved electron mobility. Also, annealing increases the effect mass and causes a reduction in the electron concentrations of
the InGaAs/GaAs QW systems. Additionally, thermal annealing increases the effective electron mass while decreasing electron
concentration.
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1. INTRODUCTION raki et al. 1992; Toyoshima et al. 1993; Disseix et al. 1997).
However, post-growth thermal annealing has been shown to
have favorable effects on the electronic and optical properties
of III-V group semiconductors (Ardali et al. 2021; Donmez
et al. 2020). Accordingly, rapid thermal annealing (RTA) pro-

InGaAs alloy has been using in near-infrared applications as
an active material for photodetectors and light emitters. The
bandgap of the material can be tuned as a function of In con-
centration in the alloy. It has been shown in the literature that i X )
the band gap redshifts by 12 meV/In% (Petropoulos et al. 2011; vides a low-cost, simple, and powerful way to tune and improve

Maspero et al. 2017; Lin et al. 2019). This tunability with In% the structural and optical qualities of nanostructures, such as
concentration allows the desired bandgap in the active mate- ~ Pandgap energy, confinement, and absorption, and offers the

rial for near-infrared optoelectronic device applications (Feng ~ Potential to develop new types of devices and integrated opto-
etal. 2005). Due to the increment in the lattice constant of alloy ~ €lectronic circuits (Li et al. 2019). RTA is also used to reduce
compared to GaAs host materials, substrate selection is critical ~ defects arising from low-growth temperatures by MBE (Koso-
(Matthews & Blakeslee 1974; Dahl 2002). While an InP sub- &0V €t al. 1996). In a study on the effect of thermal annealing for
strate is suitable for the high In concentration, a GaAs substrate ~ 1GaAs-GaAs strained-layer, it was shown tha't hl'gh tempera-
is suitable for the low In concentrations. InGaAs alloys grown ~ ture and prolonged thermal annealing have a significant effect
by Molecular Beam Epitaxy (MBE) on GaAs require lower 0 the diffusion coefficient (depen(lléng cz)n a?neallng tempera-
growth temperatures than those of growth on InP substrate to  tUre for 900°Ciit is about 8 x 10™"em” s™" and for 850°C it

- —20. 2 ~1 - .
avoid defects, which cause poor electrical and optical prop- 18 about 8 X 1077 em? s, respectively) (Kosogov et al. 1996:
erties such as low mobility, and low emission intensity (Mu- Joncour et al. 1985). It was reported that a blueshift occured
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as the annealing time increased, attributed to the decrease in
In alloy concentration. (Li et al. 2019; Aldridge et al. 2017,
Kuphal 1984).

In this study, the effect of n-type modulation-doped thermal
annealing at 700°C during 600 s on the electronic properties
of Ing 3,Gag gg As/GaAs quantum well (QW) structure grown at
475°C (TNL) and 580°C (TNH) was investigated. Hall Effect
experiments between 4K and 300K were performed to analyze
he electronic properties of n-type as-grown and annealed In-
GaAs/GaAs QWs grown at different temperatures. The results
of Hall Effect experiments were analyzed taking into account
the scattering mechanisms of interface roughness, alloy disor-
der, acoustic phonon, polar optical phonon and remote ionized
impurity scatterings. MR experiments were performed between
4K and 50K. Shubnikov-de Haas (SdH) oscillations were ob-
served in MR experiments. These oscillations were analyzed
to determine the 2D carrier concentration, the position of the
Fermi level, and the effective mass of all samples.

2. METHODS
2.1. Sample Growth and Fabrication

Samples were grown as reference examples to compare the
electronic transport mechanism of the N-containing samples.
For this reason, the growth process using Molecular Beam Epi-
taxy (MBE) was carried out at two different temperatures: the
low temperature (475°C) at which the crystal quality of the
nitrogen-containing structures obtained the best and the op-
timum temperature (580°C) of the GaAs-based samples. We
have also studied the effect of growth temperature, investigated
growth temperatures and the electronic transport mechanisms
of the samples after thermal annealing. The samples were sub-
jected to 600s thermal annealing at 700°C to investigate the
effects of thermal annealing. The sample structure is illustrated
in Figure 1. The samples were grown on a semi-insulating (SI)
GaAs substrate that does not affect its electrical properties and
acts as a passive substrate. The structure consists of an n-type
doped GaAs barrier and undoped InGaAs layer that forms the
QW. Si dopant concentration (Np) was 10'8¢cm™3. GaAs lay-
ers were grown at 580°C while the InGaAs layer forming QW
was grown at 475°C for TNL and 580°C for TNH. Modula-
tion doping was achieved by growing an undoped spacer GaAs
layer with a thickness of 5Snm between the doped barrier layer
and the QW in order to spatially separate the carriers passing
through the QW from the barrier, with their ionized parents in
the barrier, and weaken the Coulomb interaction between them.
The sample was then fabricated into a Hall Bar shape using a
wet etching process. Hall bar dimensions are given in Figure
1b.

2.2. Theoretical Background: Analytic modeling of
temperature dependence of electron mobility

This section will discuss several scattering mechanisms, such

as acoustic phonon scattering (uapn), alloy disorder scatter-

ing (uA10y), interface roughness scattering (uirr), and remote
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Figure 1. (a) Modulation-doped Ing 3,Gag g3 As/GaAs QW sample
structure, (b) Fabricated Hall Bar shape and its dimensions.

impurity scattering (ugrr), which play a significant role in de-
termining carrier mobility in a semiconductor.

2.2.1. Interface Roughness Scattering

In layered structures like modulation-doped structures, inter-
face roughness scattering is a crucial scattering mechanism
due to an imperfections at the interface between different mate-
rials. Because the sample is grown layer by layer, and the layers
consist of different materials with different lattice constants
and dielectric constants, roughness will occur at the interface
between the layers, resulting in interface scattering. Interface
roughness scattering mobility can be written as (Donmez et al.
2021, 2014),

2 3
2 s h 1
£ ) (1)

HIFR = (nzDAA e3m*? jir (k)

Here nyp is the 2D carrier density, and A denotes the lateral
size of the interface roughness, and A stands for the correlation
length between fluctuations. The integral Jipr (k) is given by
Zanato et al. (2004),
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where ¢ = 2sin(6/2), 6 represents the scattering angle, and
g2p denotes the inverse screening length.

g*dg (2

2.2.2. Alloy Disorder Scattering

Alloy fluctuation scattering is caused by potential fluctuations
due to the random distribution of the atoms forming an alloy in
the crystal. Alloy disorder scattering is given by

16eh3
3bgy X (1 - x)m*onUi

(€)

MAlloy =
lloy

where x is the alloy content, the primitive cell volume, €, the
effective mass of the carrier, m*, for ternary alloys, the potential
alloy, Ualy, and factor bpy is the Fang-Howard expression
(Donmez et al. 2021).
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2.2.3. Acoustic Phonon Scattering

Acoustic phonons are divided into two branches: transverse
and longitudinal acoustic phonons, depending on the transverse
and longitudinal oscillations of atoms. The acoustic phonon
scattering increases with temperature, because the density of
phonons increases at higher temperature according to Bose-
Einstein statistics. Acoustic phonon scattering includes defor-
mation potential scattering and piezoelectric scattering.

Deformation Potential Scattering

The deformation potential limited mobility is defined by Ridley
(Zanato et al. 2004) as

16pet?n’ 1
3E]23PkBTm*2bFH Jop(k)

“

MDP =

where p, Epp, ¥, bpy are the crystal density, deformation
potential, longitudinal acoustic phonon velocity and Fang-
Howards expression, respectively. Jpp(k) is given as

q*dg 5

( ) /2k 1
Jpp(k) =
> O 27k3(q + qp)RJ1 - ()2

Piezoelectric Scattering

The mobility limited by piezoelectric scattering is defined as
(Donmez et al. 2021, 2014),

nepeshik 1
eK2, kgTm*? jpe(k)

(6

MPE =

Here K, is the average electromechanical coupling constant.
Jpe (k) is given as

F(q)

2k
Jog (k) =
" '/0 4k2(q + qap)3[1 = (3%)?

2.2.4. Polar Optical Phonon Scattering

Optical phonon scattering becomes more effective at higher
temperatures. The mobility restricted by polar optical phonon
scattering is expressed as (Donmez et al. 2021, 2014):

cdg (D)

®)

47r£08ph2 fiwpo
HUPE = -1

ewpom*2L kgT

where 7iwpo is polar optical phonon energy and L quantum well
width. g, is defined as

1 1!
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2.2.5. Remote lonized Impurity Scattering

Remote ionized impurity scattering is caused by ionized doping
atoms and is a Coulombic interaction between charge carriers
in the QW and the ionized impurities in the barrier layer. Com-
pared to the ionized impurity scattering, remote scattering is
less effective in modulation-doped structures, where dopant
atoms and carriers are spatially distant from each other, thus
reducing scattering and improving electron mobility. The mo-
bility limited by scattering of remote ionized impurity atoms is
expressed as (Donmez et al. 2021, 2014),

64rhenS2(2rnop) )\ [ 1 !
MRI =

.
@ +L>2] (10

e3m*

where di, L and Sy are the spacer layer thickness, QW width
and static constant, respectively. Sy is defined as the screening
constant (Donmez et al. 2020, 2014).

2.2.6. Matthiessen Rule
The effect of summing each kind of scattering center can be
expressed with the assumption that each scattering mechanism
is independent of each other, using the formula developed by
Matthiessen as,

1 1

= — (11
MTotal T Mi

2.3. Theoretical Background: Analysis of Shubnikov-de
Haas (SdH) Oscillations

In low-dimensional semiconductor systems, the energy differ-
ence between two subsequent Landau levels increases with the
increasing magnetic field applied to the semiconductor in the
growth direction. The Landau levels expand and approach the
Fermi level, and if the magnetic field intensity is sufficient,
the Landau levels pass through the Fermi level. As a result,
oscillations occur at the density at the Fermi level, so the longi-
tudinal resistivity (pxx) oscillates. These oscillations are called
Shubnikov-de Hass (SdH) oscillations.

Pxx(B) = pron—osc(B) + pocs (B) (12)

Experimental results provide the total of non-oscillating part
and SdH oscillations. Considering that the effective mass and
quantum lifetime can be different for each subband, the ana-
lytical expression for SdH oscillations is as follows (Coleridge
1990; Balkan et al. 1995):

A (o] )
ﬂ~Z:D(i/\()exp( m)cos
po o WeTq
(13)

where pxx, po, E1, EF, we and 74 are oscillatory part of mag-
netoresistivity, magnetoresistivity, first sub-band energy, Fermi
energy, cyclotron frequency and quantum lifetime, respectively.

2n(Erp - E;) .
—in
hw,




Physics and Astronomy Reports

i, represents the sub-bands. exp (ﬁ) represents damping due
to the broadening of the levels resulting from the collision of
the Landau levels. D(iy) describes the temperature damping
as follows:

D(iy) = 14

(ix) sinh (14)
27T2kBT

= — 15

” (15)

Assuming that the quantum lifetime of the electron is inde-
pendent of temperature, the oscillation amplitude is expressed
as

212 kgT [fiwe

A(T,B,) =C,—
( ) : sinh(272kgT [hiw,)

(16)

where C is constant. The ratio of the amplitudes of the oscil-
lations at two different temperatures gives

A(T,B,) _ Tsinh(2n*kgTom” [hw,)
A(Ty, By)  Tosinh(2n2kgTm* [hiw.)

a7

The experimental data obtained for the variation of the relative
amplitude with temperature are fitted to Equation 17 to obtain
the effective mass with high accuracy. The position of the Fermi
level and nyp is also determined by Equation 18 using the
slope of the inverse magnetic field plot versus the number of
oscillation peaks.

1 eh e
A (_) - m*(Ep—E;) nhnop (18)

3. RESULTS
3.1. Low Magnetic Field Results

Hall measurements were conducted to determine carrier mo-
bility and carrier concentration under a constant magnetic field
in the temperature range of 4.2 to 300K.

Figure 2 a-b shows the temperature-dependent mobility and
electron density of all samples. The temperature dependence of
the electron mobility exhibits the well-known characteristic of
modulation-doped structures. At low temperatures (T < 77K),
electron mobility is almost the temperature-independent where
ionized impurity scattering is dominant in conventional doped
heterostructures. Thanks to the modulation doping, we ob-
served that the mobility is very high for all samples at tem-
perature lower than 77 K. The highest mobility (43121 cm?
V1) for as-grown samples are observed for TNL at low tem-
peratures (T < 100K) and the lowest mobility (15362 cmZVS‘l)
belongs to the TNH even though it was grown at almost the op-
timum growth temperature for InGaAs alloy. After the anneal-
ing process, the electron mobility of high-temperature growth
samples improved and almost became equal to the mobility
of as-grown and annealed low-temperature growth sample’s

electron mobility. It is evident that thermal annealing causes
a slight improvement at all temperature ranges of interest for
the low-temperature growth sample. After annealing, the low-
temperature electron mobility is almost the same for both TNLB
and TNHB samples. Therefore, it can be inferred that annealing
has a significant effect for the high-temperature growth sam-
ple. The temperature-dependent carrier concentration changes
of samples with and without annealing are shown in Figure
2b. Considering the TNH sample, a slight gradual increase in
carrier concentration with increased temperature was observed
where the highest value is recorded as 2.92 x 10?cm™2 at
300K. After thermal annealing, we noted a decrease in carrier
concentration to 2.4 X 10'2cm~2 at 300K.

To compare the effect of growth temperature and also ther-
mal annealing on carrier mobility, analytical calculations of
temperature-dependent mobility changes of as-grown and an-
nealed samples are given in Figure 3 considering all possible
scattering mechanisms. For all samples, the low-temperature
electron mobility was restricted by alloy and interface rough-
ness scattering mechanisms. Scattering caused by polar optical
scattering dominates the mobility in the high-temperature sam-
ples. The interface roughness scattering resulted from two pa-
rameters, the lateral size (A=1.9a for TNH and 1.3a for TNLB)
and the correlation length (A), which is used as adjustable pa-
rameters to fit the experimental data.

In addition, the alloy potential was used to determine the alloy
disorder scattering mechanism. The values obtained are given
in Table 1. with the values for the reference sample.

Table 1. Alloy potentials and correlation lengths for n-type
Ing 32Gag g As/GaAs samples.

Sample Uiy (€V) (A) (nm)
TNL 0.445 1.3
TNLB 0.3 0.9

TNH 0.537 29.8
TNHB 0.487 0.7

The match between the experimental and calculated values for
electron mobility was obtained at low temperatures for all sam-
ples, as given in Figure 3. The best match was obtained in the
as-grown samples over all temperature ranges a slight deviation
between experimental and calculated mobility was observed at
temperatures higher than 77K. Also, increasing electron mo-
bility was observed after annealing. From Figure 3, decreased
contribution was observed for alloy disorder scattering and in-
terface roughness scattering after thermal annealing. The opti-
mum electronic transport properties, characterized by the low-
est alloy potential and correlation length, were observed for the
low-temperature growth sample. Following thermal annealing,
the interface roughness was reduced for this sample. Since the
mobility is lower for the sample grown at a higher temperature,
thermal annealing is more effective in smoothing the interface.
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Table 2. Variable parameters.

Parameters Values

Optical phonon energy in GalnAs, fiwp, (meV) 34

Optical phonon energy in GaAs, fiwp, (meV) 35
Longitudinal acoustic phonon velocity, vi (ms™') 5087
Static dielectric constant, &5(&g) 13.9

High frequency dielectric constant, £ (&) 11.11

Consequently, a significant enhancement was observed for the
annealed high-temperature sample. Table 2 shows variable pa-
rameters used for calculation.

It has been reported that for In compositions greater than 0.2,
InGaAs growth on GaAs results in In surface segregation at
high-temperature growth. Thermal stability of InGaAs QW ma-
terial requires low-temperature growth at around 400-500°C,
but GaAs barrier material has to be grown at higher temper-
atures (around 580°C) (Toyoshima et al. 1993; Disseix et al.
1997). A strong temperature dependence of In segregation was
revealed for InGaAs/GaAs QW structures with a segregation
length of more than 30A at temperatures above 600°C (Disseix
et al. 1997). The surface segregation of In atoms drastically
limits perfect abrupt interface between GaAs and InGaAs (Dis-
seix et al. 1997). Despite several methods being used to solve
this problem, the growth of high-quality InGaAs/GaAs QW
structures remains a challenge. Therefore, we observed higher
electron mobility for the sample grown at lower temperatures.
However applying thermal annealing was found to be a solution
to enhance mobility for high-temperature growth InGaAs/GaAs
QW structures.

3.2. High Magnetic Field Results

MR measurements were carried out by sweeping the magnetic
field value in the magnetic field range of 0-7T for TNL and
TNLB samples and 0-18T for TNH and TNHB samples with
different temperatures. SAH oscillations clearly appear at very
low-magnetic fields due to the electron mobility values are
so high for all samples as it can be seen in Figure 4. The
MR curves for low-temperature growth as-grown (TNL) and
annealed (TNLB) samples exhibit complicated characteristics,
with both the period and shape of oscillations changing with in-
creasing magnetic field. Experimentally observed magnetore-
sistance is the sum of classical magnetoresistance and SdH
oscillations. To eliminate background magnetoresistance, the
negative of the second derivative of the raw magnetoresistance
data with respect to the magnetic field were taken, and are
shown in Figure 5. The SdH oscillations in the second deriva-
tive of MR exhibit well-defined envelopes. As seen in Figure
4, the MR curve for high-temperature growth samples have
a linearly increasing classical MR background with increas-
ing magnetic field for the as-grown sample. For the annealed
high temperature growth sample (TNHB), a slight deviation
from linearity was observed above approximately 4T, while the

background MR characteristics exhibited linearity below 3.5T
but deviated above 3.5T. Therefore, to be able to apply this sec-
ond derivation method, only a low magnetic field range (<4T)
was used for the samples apart from TNLB. As for TNLB,
even at the low magnetic field range it was impossible to fit the
oscillations using the standard expression given by Equation
14, but it is obtained well-defined SdH oscillations at higher
magnetic field range, as seen in Figure 4b. However, the MR
curves became more complicated at higher magnetic fields, as
can be seen in Figure 4a, with an anomalous background MR.
Even if the data is used to determine transport parameters of
TNLB, it is clear these parameters cannot be compared with
the transport parameters of other samples because they cannot
be obtained at a similar magnetic field range. Effective electron
mass values were obtained by proportioning the amplitudes of
the SdH oscillations given in Figure 5 at a given magnetic field
value and using Equation 17.

Figure 6 shows a plot of % versus the peaks numbers for TNL
and TNLB samples. Using the slopes of Figure 6 positions of
Fermi level and N;p (carrier concentration) for TNL and TNLB
were obtained. All results obtained is given Table 3.

Table 3. Carrier density (Npp), position of Fermi level and effective
mass values obtained by analyzing SdH oscillations.

Sample Nop (x10'2cm™2)  (Eg-E;) (meV)  m*(my)
TNL 1.74 71 0.057
TNLB 1.73 60 0.070
TNH 2.02 122 0.050
TNHB 1.92 82 0.055

4. CONCLUSION

Analysis of the temperature-dependent electron mobility
showed that the 700°C thermal annealing had a significant im-
provement in the crystal structure. For the two samples grown
at optimum and low growth temperature, the electronic prop-
erties of the sample at low growth temperature were superior
in terms of electron mobility, alloy potential, and correlation
length. Moreover, the post-growth thermal annealing at 700°C-
600s improved the electronic properties of both samples at
the growth temperature. According to the calculated transport
parameters given in Table 3, the sample TNL had the lowest
2D carriers and the highest effective mass. Since the effective
mass was larger, the density of states was higher, and therefore
the Fermi level was smaller than those for TNH and TNHB
samples. We exclude TNLB from the discussion because the
analysis of this sample resulted in higher magnetic fields than
the others. The 2D carrier density was the highest for TNH
and the effective mass was the smallest, which resulted in the
highest Fermi level. When the sample was annealed, 2D carrier
density decreased and effective mass increased. The effective
mass values became comparable for TNL and TNHB samples.
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Figure 6. Plot of 1/B versus peak numbers for TNL (left panel) and TNLB (right panel).

The highest electron mobility for TNL sample was grown at a
low temperature. The interface roughness for the TNL sample
compared to the others was found to be the least. For all samples
the alloy disorder scattering and interface roughness scattering
were the prevailing scattering mechanisms. It was found that
the alloy potential took a value of 0.445 eV for TNL and it was
0.537 eV for TNH. Following thermal annealing, an improve-
ment in carrier mobility was observed. Additionally, a decrease
in the correlation length was noted after the thermal annealing
process, suggesting a reduction in interface roughness.
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