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ABSTRACT

In this work, we study the electron mobility of near surface metal organic vapor phase epitaxy-grown InGaAs quantum wells. We utilize Hall
mobility measurements in conjunction with simulations to quantify the surface charge defect density. Buried quantum wells are limited by
polar optical phonon scattering at room temperature. In contrast, the quantum wells directly at the surface are limited by remote charge
impurity scattering from defects situated at the III–V/oxide interface or inside the oxide, showing a mobility of 1500 cm2/V s. Passivating the
InGaAs surface by depositing an oxide reduces the amount of defects at the interface, increasing the mobility to 2600 cm2/V s.

VC 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0006530

Near surface quantum well-based devices are of interest for high-
frequency III–V field effect transistors and quantum devices utilizing
superconducting/semiconducting effects. III–V metal-oxide-semicon-
ductor field effect transistors (MOSFETs) have demonstrated the high-
est transconductance for any transistors, with gm¼ 3.45 mS/lm.1

MOSFETs used for radio frequency applications have a spacer region
to reduce parasitic gate–source and gate–drain capacitances, allowing
for high frequency operation.2 This increases the access series resis-
tance, degrading the on-current and gain. In order to minimize the
resistance, a spacer region with a high carrier concentration and high
electron mobility is necessary. This can be achieved by introducing
modulation doping in the access region, which spatially separates the
free carriers from the dopants, allowing for a high carrier concentra-
tion without severely affecting the electron mobility. The spacer is in
essence an ungated quantum well situated close to or directly at the
surface. A similar structure can also be found in quantum devices such
as gatemons,3 which are based on induced superconductivity in the
semiconductor due to a superconductor in close proximity.
Semiconductor/superconductor coupling is highly sensitive to the elec-
tron wave function overlap at the semiconductor surface, which
requires a near surface quantum well. Near surface InAs quantum
wells grown by molecular beam epitaxy (MBE) have been demon-
strated to have high electron mobilities.4–7 The electrical properties of
these types of structures are sensitive to surface conditions, with a
mobility limited by surface scattering. Metal organic vapor phase

epitaxy (MOVPE) has the capability to produce high-quality InGaAs
demonstrating mobilities over 104 cm2/V s.8 Deeply buried quantum
wells in the InGaAs/InP material system have also been demonstrated
with excellent mobility, with l¼ 520 000 cm2/V s at T¼ 300 mK.9

In this work, we investigate the mobility of near surface InGaAs/
InP quantum wells grown by MOVPE. The results from Hall mobility
measurements and modeling show that charged defects at the semi-
conductor surface are the main limiting scatterer of the quantum well
and that the effect can be reduced by utilization of a passivation
through an atomic layer deposition (ALD) oxide. From mobility
modeling, we estimate the concentration of charged surface defects,
which is in line with earlier C–V experiments.10 A schematic layout of
the samples used is shown in Fig. 1. To study the effect of the quality
of the III–V surface on the transport properties of the quantum well,
four different device variants have been fabricated. All samples were
grown by MOVPE on Fe-doped semi-insulating InP (100) substrates
at 100 mbar and 600 �C. The sources used were TMGa, TMIn, AsH3,
PH3, and 0.1% Si2H6 diluted in H2. The structures consist of 25 nm of
unintentionally doped InP, followed by a 13nm In0.63Ga0.37As chan-
nel, as determined from XRD measurements. InGaAs was grown with
an indium content of 63% in order to take advantage of the lower
effective mass, decreased alloy scattering, and increased spin–orbit
coupling relative to the lattice matched composition. This results in a
compressively strained layer with an estimated critical thickness of
20 nm.11 The InP top barrier thicknesses covering the InGaAs channel
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were 0, 12, and 25nm. A 4nm-thick Si-doped layer with a sheet carrier
concentration of 2� 1012 cm�2 was placed 4nm from the InGaAs
channel on both sides. Samples C and D do not have the top InP bar-
rier, thus placing the quantum well directly at the surface with only a
bottom modulation doped layer. To study the effect of high-k passiv-
ation, sample C has been passivated by a high-k oxide layer. Following
the growth of the III–V layers, Ti/Pd/Au contacts were evaporated in a
Van der Pauw configuration. The surface was then passivated by
ozone cleaning and 10% (NH4)2S solution before ALD deposition of
Al2O3/HfO2 at 300/120

�C. The surface passivation and oxide deposi-
tion were omitted on sample D. The measured mobilities at 10K and
300K are presented in Table I.

Figure 2 shows effective mass Schr€odinger–Poisson models of the
band edges and the carrier distributions of the grown structures. For
the InP surfaces (samples A and B), a Fermi level pinning at the InP
surface of 0.2 eV below the conduction band edge has been used. For
samples C and D, the Fermi level at the surface has been adjusted to be
above the conduction band edge by 0.17 eV and 0.23 eV, respectively,
and so the quantum well sheet density matches the T¼ 300K experi-
mental sheet density.

Electric characterization of the structures was performed using
Hall measurements by the Van der Pauw method. Magnetic fields up
to 1T were used, and the sample temperature was controlled using a
closed cycle helium refrigerator in the range of 10–300K. The mea-
sured electron density and sheet resistivity are shown in Fig. 3 and the
corresponding Hall mobility in Fig. 4. The electron density remains
almost constant with temperature, increasing slightly with higher tem-
perature. We also observe that the electron density of the surface
quantum wells of samples C and D has a relatively large temperature
dependence in the range of 100K–300K as compared to the buried
quantum wells, indicating a stronger effect of thermal activation of

surface defects. The measured electron sheet density of sample B at
room temperature is 3:8� 1012 cm�2, while the calculation predicts a
sheet concentration of 2:3� 1012 cm�2; this difference is attributed to
run-to-run variability in the dopant concentration. The surface quan-
tum wells have a room temperature sheet resistance of �1 kX/sq. The
buried quantum wells have an improved sheet resistance by a roughly
factor of�5 down to�200 X/sq, showing the favorable effect of mov-
ing the charge defect dense surface away from the transport channel.
This is advantageous for constructing low access resistance spacer
regions in a MOSFET device.

In order to analyze contributions from different scattering mech-
anisms, mobility calculations have been performed. Four major scat-
tering mechanisms have been taken into account: acoustic
deformation potential, polar optical phonons, alloy disorder, and ion-
ized impurities. The ionized impurities have been divided into two
parts: remote-ionized impurities from the delta-doping layers and
charge interface defects situated at the semiconductor surface. Surface
roughness scattering has been neglected due to its weak contribution
to the total mobility in thicker quantum wells.12 Atomic force micros-
copy (AFM) imaging has confirmed step-flow growth mode, and the
surface has a roughness (RMS) value lower than 0.2 nm. Only scatter-
ing within the first subband has been considered. Material parameters
from the literature have been used, shown in Table II, with the charged
interface defect density at the InGaAs and InP top surfaces as the only
free parameter.

Phonon scattering is typically the limiting scattering process at
high temperatures. With bulk phonons and only the first subband
considered, the polar optical phonon scattering rate can be written for
absorption as13,14

1

sApop

¼ e2x0N0m
�a

8p2�h2e0ep
� 1� f0ðEF þ �hx0Þ

1� f0ðEFÞ
(1)

and for emission as

1

sEpop

¼ e2x0ðN0 þ 1Þm�

a�h2k2Fe0ep
� 1� f0ðEF � �hx0Þ

1� f0ðEFÞ
; (2)

for scattering at the Fermi energy. The last factor on the right-hand
side takes into account the occupation of the final and initial scattering
states according to the Pauli principle, and f0 is the Fermi–Dirac distri-

bution. N0 ¼ 1=ðexp �hx0

kBT

� �

� 1Þ is the phonon occupation number,

m� is the electron effective mass,x0 is the optical phonon frequency, e
is the elementary charge, a is the thickness of the quantum well, and

ep ¼ 1= 1
e1

� 1
es

� �

, where e1 and es are the high frequency and static

dielectric constant, respectively. The deformation potential acoustic
phonon relaxation rate is given by15

TABLE I. Summary of sample characteristics, measured mobility, and carrier concentration data.

Sample d (nm) Oxide l @ 10K (cm2/V s) l @ 300K (cm2/V s) n @ 300K (cm�2)

A 25 Yes 27 800 10 000 2:6� 1012

B 12 Yes 16 500 7900 3:8� 1012

C 0 Yes 4000 2600 2:3� 1012

D 0 No 1800 1500 3:1� 1012

FIG. 1. General schematic of the near-surface InGaAs/InP quantum well structure.
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1

sadp
¼ 3m�D2

AkBT

2�h3qv2s a
; (3)

where DA is the deformation potential amplitude, q is the mass den-
sity, and vs is the sound velocity. It has been shown that piezoelectric
phonon scattering is relatively weak in both GaAs and InAs,16 and
therefore, it is neglected in this work. Within the Howard–Stern for-
mulation17 for elastic scattering, the relaxation time of electrons in a
quantum well can be written as

1

s
¼ m�

2p�h3k3F

ð2kF

0

jUðqÞj2
eðqÞ

q2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� q
2kF

� �2
r dq; (4)

where U(q) is the potential describing the scattering mechanism as a
function of wave vector q, kF ¼ ffiffiffiffiffiffiffiffiffi

2pns
p

is the Fermi wave vector, with
ns being the sheet electron density, and finally, eðqÞ is the dielectric
function of the two-dimensional electron gas in the quantum well.
Following Gold,17 we use

e qð Þ ¼ 1þ V qð Þ 1� G qð Þ
� �

X0 qð Þ: (5)

X0 is the polarizability of the 2DEG given as 2D DOS and G(q) is the
Hubbard form of the local field correction.18 V(q) is the electron–elec-
tron interaction potential and is given by

VðqÞ ¼ e2

2e0esq
FCðqÞ; (6)

with the form factor

FCðqÞ ¼
ð

jWðzÞj2dz
ð

jWðz0Þj2e�qjz�z0jdz: (7)

The electrons are assumed to be free to move in the xy-plane and
confined in the z-direction with the wave function,

WðzÞ ¼
ffiffiffi

2

a

r

sin
pz

a

� �

; 0 � z � a; (8)

and otherwise zero. For remote impurity scattering, the potential for
wave vector q is given by

jURðqÞj2 ¼ ni
e2

2e0es

1

q

 !2

FRðq; ziÞ2; (9)

where ni is the impurity sheet density concentration situated at a dis-
tance ai away from the quantum well. The form factor

FRðq; ziÞ ¼
ð

jWðzÞj2e�qjz�zijdz; (10)

accounts for the distance between the impurity and the quantum well
and the confinement. Scattering due to background doping of the
quantum well is described by the potential

FIG. 2. Self-consistent Schr€odinger–Poisson
calculations for (a) sample A with a 25 nm
top barrier, (b) sample B with a 12 nm top
InP barrier, and (c) and (d) samples C and D
without a top barrier.

FIG. 3. (a) Measured sheet electron density and (b) sheet resistance as a function
of temperature.

FIG. 4. Calculated electron mobility together with measured Hall mobility (circles)
for (a) 25 nm InP top barrier (sample A), (b) 12 nm InP top barrier (sample B), (c)
no InP top barrier (sample C), and (d) no InP top barrier and no passivation oxide
(sample D).
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jUBðqÞj2 ¼ Nba
e2

2e0es

1

q

 !2

FBðqÞ2; (11)

whereNB is the background doping density and

FBðqÞ ¼
1

a

ð

FRðq; ziÞdzi: (12)

The intermixing of group-III elements inside the quantum well gives
rise to alloy scattering, described by an average potential19

jUAj2 ¼
3xð1� xÞV2

aX

2a
; (13)

for a perfectly random alloy. Va is the average of the fluctuating alloy
potential, x is the composition of group III elements, and
X ¼

ffiffiffi

3
p

pa3L=16, with aL being the lattice constant. Using Eq. (4) with
(9), (11), or (13), the momentum relaxation time for the respective
scattering mechanism can be found. The parameters used in calcula-
tions are presented in Table II. The relaxation time is related to the
mobility by l ¼ ehsi=m�, in which hsi is the thermal average of the
relaxation time.14 The electron density used in the calculations is
obtained from measured data (see Fig. 3). The background doping
concentration is set to �1� 1017 cm�3, and the modulation doping
sheet density is �2� 1012 cm�2 as obtained from earlier measure-
ments. The total mobility is estimated by adding the reciprocal mobil-
ity for each scattering process according to Matthiessen’s rule. The
calculated mobility components of the different scattering mechanisms
and the total mobility are presented in Fig. 4 together with measured
Hall mobility data.

It is clear from these results that the mobility at low temperatures
is limited by scattering from remote ionized impurities situated at the
high-k/III–V interface or inside the high-k oxide. At room tempera-
ture, the mobility of the buried quantum wells is limited by polar opti-
cal phonon scattering, while the total mobility of the surface quantum
wells of samples C and D only shows a small dependence on the pho-
non density. Specifically, sample D, without any passivation oxide, is
strongly limited by the surface defects (n0i ¼ 1:2� 1014 cm�3), show-
ing a low room temperature mobility of 1500 cm2/V s. By introduction
of a high-k oxide, the concentration of surface charges is reduced to
n0i ¼ 3:7� 1013 cm�2, which is similar to what has been reported
from C–V data.10 This is in line with a reduced amount of oxide
defects from the ALD process. We also observe that the passivation

increases the room temperature mobility to 2600 cm2/V s. While a
thick InP top barrier is beneficial for increased mobility, calculations
show that increasing the thickness to more than �50nm has a small
effect on the effective mobility due to alloy scattering becoming the
dominating scattering mechanism. The minor increase in the calcu-
lated mobility components originating from background impurities,
remote ionized impurities, and charge interface states at higher tem-
peratures is due to increased screening effects with increased electron
density. However, experimentally, we observe a decreasing mobility
from samples C and D, which are strongly limited by the interface
charges. To fit the observed behavior, we propose that some of the
charged defects show a thermal activation, leading to an increase in
ionized defects at elevated temperatures. In the calculations, we have
used interface charge defects in the form of ni ¼ n0i þ C
�expð�Ea=kBTÞ, where the interface charge defect density at low
temperatures n0i , the constant C, and activation energy Ea are fitted to
experimental data, with the fitted values given in the insets of Fig. 4.
We find that the bare semiconductor surfaces have an total ionized
defect density of around 2–3� 1014 cm�2, which is reduced by �3�
by the high-k passivation.

In summary, we have investigated the electron transport proper-
ties of near surface InGaAs quantum wells by comparing Hall mobility
measurements with scattering calculations to estimate the charged
impurity density at the surface. In buried quantum wells, the mobility
is greatly enhanced due to the reduced effect from charged impurity
scattering on the mobility, resulting in mobilities of 7900 and
10 000 cm2/V s. The passivation of an ALD oxide is beneficial for
quantum wells situated directly at the surface, due to a reduced charge
impurity density, increasing the mobility from 1500 cm2/V s to
2600 cm2/V s.
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