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InSb/AlxIn1-xSb heterostructures display intrinsic parallel conduction in the buffer layer at room temperature

that limits exploitation of the high-mobility two-dimensional electron gas (2DEG), particularly for nanostructured

devices where deep isolation etch processing is impractical. Here, we demonstrate a strategy to reduce the

parasitic conduction by the insertion of a pseudomorphic barrier layer of wide-band-gap alloy below the QW.

We have studied the high-field magnetotransport in two types of InSb/AlxIn1-xSb modulation doped quantum

well heterostructures with and without the barrier layer in the temperature range 2–290 K and magnetic fields

to 7.5 T. The conduction in the doping layer, the 2DEG, and the buffer layer are analyzed using a multi-carrier

model that successfully captures the field dependence of the Hall resistance over the experimental field range.

Samples with the barrier layer show significantly reduced buffer layer conduction compared to samples without.

Our results are expected to be of importance for ambient temperature nano-electronic operation.

DOI: 10.1103/PhysRevB.84.075474 PACS number(s): 73.63.Hs, 72.20.My, 72.80.Ey

I. INTRODUCTION

There is currently great interest in materials with enhanced
electronic properties at room temperature (RT) due to their
importance for applications, such as low-power, high-speed
logic devices,1–3 magnetic storage4,5 and magnetic detection.6

The technological demands for device miniaturization and
nanoscale dimensions in such applications have been well
enumerated. The two-dimensional electron gases (2DEGs)
formed in narrow band-gap III-V semiconductors offer the
largest mobilities and saturation velocities at RT owing to
a light effective mass. Electron mobilities of 4 m2/Vs are
routinely obtained in modulation doped InSb/AlxIn1-xSb
quantum well (QW) structures,7,8 with a highest value of
6 m2/Vs reported in 30-nm-wide InSb QWs.9 State-of-the-art
n and p-type InSb QW-field effect transistors (FETs) with
sub-100-nm gate lengths have been demonstrated with record
fT cutoff frequencies as a result.1,2 Concomitant with a high
mobility is a long momentum mean free path (l0 = h̄kF μ/e,
where kF is the Fermi wave vector), offering the potential
to exploit mesoscopic effects at RT. For example, the magne-
toresistance (MR) response of ballistic four-terminal junctions
is particularly attractive for the detection of small magnetic
fields with high sensitivity and spatial resolution.10,11 These
studies were performed at low temperatures where the large
mean free path makes the ballistic regime readily accessible.
However, even at 300 K, the mean free path in InSb (and
InAs) 2DEGs is on the order of 500 nm, in principle permitting
transport in nanoscale devices to be almost fully ballistic. The
application of ballistic devices operating at room temperature
would not be limited to magnetic detection, but may pave a
way to explore numerous concepts previously restricted to low
temperatures (e.g. ballistic rectifiers,12 photovoltaic devices,13

and ratchets14).

Reports of ballistic transport in mesoscopic InSb/Alx
In1-xSb devices have, however, been limited to T � 205 K

due to poor electrical isolation of the 2DEG rather than

size arguments.15 Quasi-1D narrow channels are typically

formed by shallow mesa-etching15,16 or surface gates17,18 to

confine the 2DEG. Both techniques have proved successful for

InSb/AlxIn1-xSb structures at low temperatures, but unaccept-

able gate leakage prohibits the use of the latter at temperatures

much greater than 10 K.17 For shallow mesa-etched channels,

the surrounding AlxIn1-xSb buffer layer becomes electrically

significant at temperatures > 150 K, and the parallel conduction

reduces the measured ballistic component from the 2DEG

to the extent where it is no longer well defined. Here, the

problem lies in the thick buffer layers used for the growth

of InSb/AlxIn1-xSb heterostructures onto GaAs substrates

that make a full isolation etch impractical for mesoscopic

device structures. We emphasize that this volume-enhanced

parallel conduction is not encountered in wide channels

fabricated using conventional deep mesa etching, but is a

feature of shallow etching. Furthermore, it is a mechanism

that, in principle, can be suppressed by improved metamorphic

buffer layer technology to reduce the total thickness or, by

alternative layer designs, to reduce the buffer layer leakage, as

is investigated here.

In this paper, we show that the parasitic buffer layer

conduction in InSb/AlxIn1-xSb heterostructures at room tem-

perature can be substantially reduced by insertion of a barrier

layer beneath the QW made from a thin pseudomorphic

layer of wider-band-gap alloy. In this way we are able

to prohibit the leakage current into the bulk of the buffer

layer without compromising the 2DEG mobility. We describe

high-field magnetotransport measurements on two sets of

InSb/AlxIn1-xSb QW heterostructures with and without a

15 nm Al0.3In0.7Sb barrier layer below the QW. These

samples exhibit varying degrees of parallel conduction in the

temperature range 2–290 K. The conduction in the different

regions of the heterostructure is analyzed using a multi-carrier

model which provides an accurate description of ρxy over the

entire experimental field range. The impact of the measured

material properties on the transport in realistic mesa-etched

mesoscopic devices is discussed. In particular, our results
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indicate that the proposed buffer layer approach permits the

conductance of the 2DEG to dominate at room temperature

in mesa-etched nanostructures, a requirement for ballistic

transport to be observed.

II. EXPERIMENTAL DETAILS

The large lattice mismatch between AlxIn1-xSb and the

GaAs substrate (6% for AlSb) results in a high density of misfit

dislocations at the heterointerface. Transmission electron

microscopy has shown that these dislocations can propagate

well beyond the interface.2 This structural deficiency can result

in a large variation of the electrical properties in the growth

direction19,20 and thick metamorphic AlxIn1-xSb buffer layers

(typically 3 μm) are commonly used to accommodate the

lattice mismatch and to regain good crystallographic properties

of the desired alloy. In this way, subsequent growth of InSb

QWs with high mobilities is achieved with remote delta

doping (in the range 10–40 m2/Vs at 2 K and 4–6 m2/Vs at

300 K).8,9,21,22

Here, we study the electronic properties of two sets

of modulation doped InSb/AlxIn1-xSb QW heterostructures

grown by molecular beam epitaxy onto semi-insulating GaAs

(100) substrates. The layer structure of the samples and

a Poisson solution for the energy band profile are shown

in Figs. 1 and 2, respectively. Growth of the samples was

initialized with a GaAs (200 nm)/AlSb (200 nm) nucleation

layer. The samples are distinguished by their subsequent buffer

layer schemes. The first series of samples were grown with

a 3-μm-thick Al0.15In0.85Sb layer, which we refer to as a

standard buffer layer (SBL) and are labeled accordingly as

SBL-1 and SBL-2. Samples SBL-1 and SBL-2 have two Te

δ-layers in the Al0.2In0.8Sb cap with a 25 nm and 15 nm relative

separation, respectively [see Fig. 1(a)]. The doping density

is nominally identical in both SBL samples. The second

series of samples were grown with a modified buffer layer

(MBL) referred to as MBL-1 and MBL-2. These latter samples

have a 15-nm-thick pseudomorphic Al0.3In0.7Sb layer inserted

300 nm beneath the InSb QW. The purpose of this layer is

to provide a barrier such that electrons and holes thermally

generated in the underlying 2.7-μm Al0.15In0.85Sb layer are

prevented from diffusing to the Ohmic contact regions, thereby

electrically isolating the majority of the buffer layer. In the

MBL samples, a single Te-doped δ-layer is located in the

Al0.2In0.8Sb cap, separated from the InSb QW by a 10-nm

FIG. 1. (a) and (b) Layer structures of the SBL and MBL samples.

Ohmic contacts are shown schematically by black boxes.

FIG. 2. (Color online) Poisson solution for the conduction and

valance bands of SBL-1 and MBL-1 at 10 K. The three regions of

interest are indicated; (I) the delta doped region, (II) QW, and (III)

conducting buffer layer.

undoped spacer layer. The two MBL samples differ from each

other only in top cap thickness and Te-doping density (fixed

spacer thickness) with MBL-2 having a thinner top cap with a

nominally higher doping density than MBL-1.

The conduction band offset (�Ec) for the

AlxIn1-xSb/AlyIn1-ySb interface is not well known,

but assuming the relationship 0.62�Eg found for the

InSb/AlxIn1-xSb heterointerface23,24 is valid (a reasonable

assumption since the band gap is still direct), the barrier

height to electrons is of the order of 190 meV (see Fig. 2),

which is significantly greater than the thermal energy (kBT)

at 300 K ≈ 26 meV. Note that the incorporation of the barrier

does not alter the conductivity of the buffer layer beneath it,

but is expected to reduce the leakage current through it from

the contacts.

Hall bridges 40 μm wide (with longitudinal voltage lead

separation of 200 μm) were fabricated using conventional

wet etching. Ohmic contacts are formed by removing the top

barrier and depositing Ti/Au directly onto the exposed InSb

QW (shown schematically in Fig. 1). Measurements of the Hall

(Rxy) and longitudinal resistance (Rxx) were performed in the

temperature range 2–290 K and in perpendicular magnetic

fields up to 7.5 T using a standard low-frequency lock-in

technique.

A. Multi-carrier model

In the present heterostructures, conduction may occur in

the doped Al0.2In0.8Sb top cap, the InSb 2DEG, or in the

undoped Al0.15In0.85Sb buffer layer. These correspond to the

regions labelled I, II, and III in Fig. 2, respectively. At

sufficiently low temperatures, the Al0.15In0.85Sb buffer layer

is depleted. However, dependent on the doping density of the

δ-doped region, the Al0.2In0.8Sb top cap layer can be occupied

and even degenerate, presenting a low-mobility conducting

channel in parallel to the high-mobility InSb 2DEG.21 At

elevated temperatures, both layers can conduct, owing to

thermal excitation of carriers.

075474-2
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In the following analysis, we consider a system consisting

of three conducting layers. Due to the nature of the

heterostructure, the three layers are spatially separated, but

the Al0.2In0.8Sb layer, the InSb 2DEG, and the top of the

Al0.15In0.85Sb buffer layer are in intimate contact through

the shallow Ohmic contacts. The three layers can therefore be

considered to experience the same local electric field, unlike an

isolated layer model25 (this is also reasonable due to the lateral

dimensions of the device). In the case of the MBL samples, we

assume that the buffer layer region beneath the Al0.3In0.7Sb

barrier is electrically isolated from the upper three layers, and

contacts and can be ignored. For the cases described, the total

sheet conductivity is the sum of the sheet conductivities of all

contributing layers, and the conductivity tensor has the form26

σ =
∑

i

(

Di −Ai

A Di

)

, (1)

where Di = nieμi/[1 + (μiB)2], Ai = BμiDi , and ni and μi

are the sheet density and mobility of the ith layer, respectively.

The sheet density of the 3D channels is related to the bulk den-

sity by n =n3Dt , where t is the layer thickness. Here, μi � 0 and

ni can take positive and negative values for electrons and holes,

respectively. The sheet resistivity is obtained from inverting

Eq. (1). The diagonal and off-diagonal (Hall) resistivity com-

ponents are related to the conductivity tensor by, respectively,

ρxx =

∑

i

Di

[(

∑

i

Di

)2

+
(

∑

i

Ai

)2]
(2a)

and

ρxy =
−

∑

i

Ai

[(

∑

i

Di

)2

+
(

∑

i

Ai

)2]
= RH B, (2b)

where RH is the Hall coefficient. In the low field limit

(μiB ≪ 1) Eqs. (2a) and (2b) reduce to the usual expressions

for multi-carrier conduction,

ρxx =
1

〈n〉e〈μ〉
=

1

e
∑

i

niμi

(3a)

RH =
1

e〈n〉
=

1

e

∑

i

niμ
2
i

(

∑

i

niμi

)2
, (3b)

where 〈n〉 and 〈μ〉 are the sheet density and mobility extracted

from a single-carrier, single-layer analysis. Equations (2a)

and (2b) exhibit a characteristic field dependence when more

than one carrier is present; ρxx is constant at low fields

(μiB ≪ 1), increases approximately quadratically at

intermediate fields, and saturates at high field (μiB ≫ 1); ρxy

is linear at low fields, distinctively sublinear at intermediate

fields, and becomes linear again at high field with a Hall

coefficient corresponding to the total sheet density in the

system. When fitting the model to experimental data, the

experimental zero field resistivity ρ0 [Eq. (3a)] is used as a

constraint for the sum of the conductivities of the layers. In

this way, the number of fitting parameters is reduced to 2i − 1.

We would like to remark on the validity of this model to the

current system under study. It is well known that bulk epitaxial

InSb films exhibit a nonsaturating intrinsic MR that cannot be

accounted for within a classical two-layer model.20,27 Various

mechanisms have been proposed to describe this phenomenon,

appealing to both quantum28,29 and classical origins, the latter

typically based on mobility or density inhomogeneities in the

growth direction (associated with mismatched epitaxy). A con-

tinuously varying conductivity in the growth direction cannot

be captured by a discrete uniform-layer model, although the

differential approach adopted by Zhang et al.20 goes some

way towards tackling the problem. For heterostructures such as

those studied here, a discrete layer model is a more appropriate

and accurate description because the majority of conduction

occurs in the highly mobile 2DEG, but in principle, transport

in the AlxIn1-xSb buffer layer presents much of the same

complexities as encountered in bulk InSb films. A feature of the

studies19,20,30 to-date is that good agreement between theory

and experiment for both ρxx and ρxy is rarely achieved within

the same model. This is an indication that some, if not all, of the

effects which manifest in ρxx and give rise to a nonsaturating

MR do not enter into the Hall resistivity. This is not a new

concept, e.g. weak-localization results in a negative MR with

no effect on ρxy .31 Indeed the quantum-linear MR effect29

observed in highly disordered systems, including InSb32 and

graphene,33 likewise has no effect on ρxy . Consequently,

here, we fit to the experimental Hall data over the entire

magnetic field range to obtain the transport properties of

the layers. Furthermore, we demonstrate that a model with

three layers successfully captures the full field dependence

of ρxy . Consistent with earlier studies on InSb thin films,20

discrepancies are found in the calculated ρxx , due to the

presence of additional MR, which is not discussed here.

III. EXPERIMENTAL RESULTS

A. Low-temperature transport

Before discussing parallel conduction at elevated tempera-

tures, which is of technological interest, we first characterize

the samples by their low-temperature transport properties.

Samples with the same buffer layer scheme (SBL and MBL)

were found to exhibit similar high-field behavior of ρxx and

ρxy at low temperatures. For brevity, we discuss data from a

subset of the samples to illustrate the salient features. Figure 3

shows the high field resistivities ρxx and ρxy for SBL-1 and

MBL-1 at 2 K. MBL-1 shows a single series of Shubnikov

de-Haas (SdeH) oscillations on a roughly constant background

in ρxx and well-resolved quantum Hall plateaus in ρxy . The

Hall plateaus correspond closely to the quantized values h/e2v

(v = 1,2, . . .) and centered about a linear extrapolated Hall

response (dashed green line). The 2D electron density of the

QW is determined from the frequency of SdeH oscillations

to be nQW = 8.23 × 1015 m−2, which agrees with the value

extracted from the low-field Hall slope (〈n〉) to within 2%. This

behavior of ρxx and ρxy indicate that only the ground state sub-

band is occupied and that little or no parallel conduction occurs

elsewhere in the heterostructure. The 2D electron mobility of

the QW (μQW) is determined from ρ0 to be 9.26 m2/Vs.
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FIG. 3. (Color online) Low-temperature recordings of ρxx (left

axis) and ρxy (right axis) versus magnetic field from 15-nm QW

samples with SBL (SBL-1) and MBL (MBL-1). The fit to ρxy of

SBL-1 with a two-carrier model is shown by the black dashed line.

The black dotted line represents the calculated ρxx using the same

parameters. The green dashed line shows the extrapolated linear Hall

response of MBL-1.

By contrast, SBL-1 shows a single series of SdeH os-

cillations superimposed onto an increasing non-oscillatory

background MR in ρxx with a distinct sublinear Hall response

in ρxy . The quantum Hall plateaus in this sample are neither

flat nor equal to the quantized values. These features are

symptomatic of parallel conduction in the heterostructure. In

this case, one obtains from the low field (single carrier) analysis

an effective carrier density (〈n〉) and mobility 〈μ〉, weighted by

the properties of all the conducting layers (see Sec. II A). Since

at low temperatures the undoped buffer layer is depleted, we

assume the parallel conduction to occur exclusively in the low

mobility δ-doped Al0.2In0.8Sb layer. Accordingly, the black

dashed line in Fig. 3 shows the least squares fit of Eq. (2b)

with two carriers to ρxy of SBL-1, weighted to the low field

region where the quantum-oscillatory component is small. One

can see that a good fit to ρxy is achieved with a two-carrier

model. In the fitting procedure, we used the density of the

QW nQW = 7.14 × 1015 m−2 obtained from the frequency of

SdeH oscillations. In this way, we obtain the parameters nδ =
4.0 × 1015 m−2, μδ = 0.16 m2/Vs, and μQW = 8.6 m2/Vs

(the subscript δ refers to the δ-doped Al0.2In0.8Sb layer).

The calculated ρxx using the same parameters (indicated by

the black dotted line) deviates from the experimental data

somewhat, but nevertheless reproduces, at least qualitatively,

the salient features in the field dependence. We note that a good

fit to ρxx with the two-carrier model could not be achieved.

The discrepancy most likely originates from the existence of

a weak negative MR (discussed later). The parallel channel

in the SBL samples at low temperature is attributed to the

FIG. 4. (Color online) Temperature dependence of the apparent

mobility 〈μ〉 of the samples (symbols) determined from low field

analysis: SBL-1 (�); SBL-2 (©); MBL-1 (△); MBL-2 (♦). The

dashed line indicates the corrected mobility of SBL-1. Inset: Tem-

perature dependence of ρ0 for SBL-1 and MBL-1 demonstrating a

logarithmic increase in ρ0 with decreasing temperature below 40 K

in the former attributed to WL. The solid line illustrates the predicted

lnT dependence of �ρWL (plus an offset to aid comparison) and the

dashed line shows the corrected ρ0 following the method outlined in

the text.

double δ-doping, which widens the conduction band minima

as a function of depth in the cap layers (see Fig. 2).

In both sets of samples, 〈n〉 varies only by ∼10% over

the entire temperature range (not shown). In Fig. 4, we show

the temperature dependence of 〈μ〉 from all the samples

investigated. The low-temperature mobilities of the MBL-1

and MBL-2 samples are approximately equal and remain

constant up to ≈40 K, consistent with impurity scattering,

before the onset of a strong reduction due to phonon scattering.

The unusual reduction in 〈μ〉 below 40 K observed for SBL-1

is attributed to localization effects as discussed below.

The observed reduction in 〈μ〉 below 40 K for SBL-1

coincides with a logarithmic increase of ρ0 [see inset to

Fig. 4]. It is noteworthy that a rather weak dependence of

nδ and μδ on temperature is found in this range, implying that

the behavior is not associated with parallel conduction. Both

the lnT dependence of ρ0 and the apparent negative MR are

consistent with weak localization34 (WL), which we propose

is the case here. The predicted conductivity correction in 2D

(for kF l0 ≫ 1) takes the form of �σWL = −(G0/σ0)ln(τφ/τ0),

where G0 = e2/πh, σ0 = 1/ρ0, τ0 = m∗μ/e is the transport

lifetime, and τφ is the phase coherence time.35 Since τφ
−1 ∝ Tp

(p > 0), �σWL decays rapidly with increasing T. The mobilities

〈μ〉 and μQW determined using ρ0 are therefore underestimated

at low temperatures. In the following we deduce a corrected

mobility 〈μ〉 by estimating �σWL to obtain the new constraint

ρ0
′ = 1/(σ0 − �σWL) in the fitting procedure. We note that the

interaction effect discussed by Altshuler et al.36 also gives

075474-4
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rise to a lnT conductivity correction, but in this case can

be neglected due to the large Fermi energy (EF ∝ nQW)

which far exceeds the Coulomb interaction energy (Ee-e ∝√
nQW).37 For the purpose of this discussion, we outline below

a simple method of estimating the correction using experi-

mental parameters. In metallic and semiconductor systems,

inelastic electron-electron interactions are the dominant source

of dephasing at low temperatures.31,38–40 In 2D systems,

τφ ∝ T−1 and is well described by the Nyquist dephasing

rate, given by τ−1
ϕ = (kBT/h̄)πG0/σ0 ln(σ0/2πG0), where kB

is the Boltzmann constant.41 Substituting the experimental

parameters σ0 = 10 × 10−3 
−1, kF = (2π〈n〉)1/2, and the

uncorrected 〈μ〉(= 8.2 m2/Vs) at 5 K, we deduce an initial

value of �σWL = −4.1 × 10−3 
−1 (we used a value of m∗ =
0.03 m0 to calculate τ0, taking into account the nonparabolic

conduction band from a k.p approximation9). A value of

ρ0
′ = 71.4 
/� was obtained by adjusting 〈μ〉 until the

difference between itself and the corrected output mobility

〈μ′〉 = 1/ρ0
′〈n〉e is equal to zero. The results of this analysis

are summarized in Fig. 4. The corrected parameters obtained

from fitting the two-carrier model to ρxy at 2 K using ρ0
′ are

nδ = 3.9 × 1015 m−2, μδ = 0.16 m2/Vs, and μ′
QW =

12.2 m2/Vs. This analysis results in a substantial increase

in μQW
′, whereas the modification to the δ-layer parameters is

negligible due to their comparatively small contribution to ρ0

(and ρ0
′). With some degree of confidence, we can therefore

conclude that the low-temperature mobility of SBL-1 is greater

than in MBL-1. In addition, the corrected mobility 〈μ′〉 (dashed

line) shows a similar temperature invariance below 40 K as

found in the MBL samples.

The interplay between the Fermi wave vector kF , the

impurity density (nimp), and screening in the scattering rates

from ionized impurities and other mechanisms makes the

interpretation of mobilities from different wafers difficult

without the ability to modulate the 2DEG density (e.g. with a

gate electrode), which we do not attempt here. Calculations of

the mobility in a set of equivalent InSb/AlInSb QWs were

recently performed by Orr et al.42 and Pooley et al.21 In

wide 30-nm InSb QWs, typical mobilities are in the range

20–40 m2/Vs at 2 K and found to be limited by scattering

from ionized impurities in the remote δ-doped layer.21,42 For

narrow 15-nm InSb QWs, mobilities are typically lower (7–

11 m2/Vs at 2 K), and it was found that interface roughness

scattering adds a significant contribution to the total scattering

rate.42 It follows that interface roughness scattering may also

play a role in our samples. A second effect is also relevant.

In heterstructures with undepleted dopant layers, the presence

of electrons in the direct vicinity of the ionized impurities can

enhance the mobility by additional screening of the potential

fluctuations felt by the 2DEG. Given the residing electron

density in the δ-doped Al0.2In0.8Sb layer of the SBL samples,

we suggest that self-screening contributes to the measured

large mobility. This effect was also found relevant in 30-nm

InSb/AlInSb QWs with parallel conduction in the δ-doped

layer.43

B. Transport at elevated temperatures

In this section, we assess the degree of parallel conduction

in the samples with different buffer layer schemes at elevated

FIG. 5. (Color online) Field dependence of the Hall coefficient

for the samples at 290 K (symbols); SBL-1 (�), SBL-2 (©), MBL-1

(△), MBL-2 (♦). The solid lines show fits with a three-carrier model,

and the dashed line shows fits with a two-carrier model.

temperatures with particular emphasis on conduction in the

buffer layer. Parallel conduction in the SBL samples occurs

over the entire temperature range from 2–290 K. In the

MBL samples, a nonlinear Hall response becomes evident

as the temperature is raised above 150 K; hence the parallel

conduction is thermally activated. In this elevated temperature

regime, we now consider the additional conduction in the

Al0.15In0.85Sb buffer layer and analyze our data using a

three-carrier model accordingly. As before, we fit Eq. (2b) to

ρxy with the constraint that the sum of the three conductivities

σQW, σδ , and σbuffer equal the experimental value of 1/ρ0,

where the subscript buffer refers to the buffer layer. In Fig. 5,

we show the field dependence of dρxy/dB ≡ RH(B) for the

four samples at 290 K (indicated by the symbols). A smooth

transition from low-field to high-field regions of constant RH

is observed in each sample, in agreement with the predictions

of the multi-carrier model (see Sec. II A). The solid lines

represent the least squares fits of Eq. (2b) to ρxy using three

carriers. Note that in this temperature range, nQW cannot

be determined independently and was included as a fitting

parameter. Excellent agreement with the experimental data

is found for each sample over the entire field range, giving

confidence in the validity of the model. Acceptable fits to ρxy

could also be made with a two-carrier model; however, close

inspection of dρxy/dB reveals that the model fails to fully

capture the field dependence of ρxy in our samples at elevated

temperatures. For completeness, these fits using the two-carrier

model are shown for SBL-2 and MBL-2 in Fig. 5 by the dashed

lines. It should also be noted that successful fits to ρxx using

the two- or three-carrier models could not be made. Within

the experimental field range, a nonsaturating MR is observed

due to the presence of a positive quasilinear MR component,

as inferred from the residual MR. Further discussion of this

effect is beyond the scope of this paper.

The temperature dependence of the sheet density and

mobility of the three layers is shown in Fig. 6. In all cases,

a single high-mobility layer is found, along with two low-

mobility layers. The high-mobility layer (≈4 m2/Vs at 290 K)
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FIG. 6. (Color online) Temperature dependence of parameters

determined from fits of Eq. (2a) with three carriers to ρxy of the

samples (symbols); SBL-1 (�), SBL-2 (©), MBL-1 (△), MBL-2 (♦).

(a) The sheet density in the Al0.2In0.8Sb δ layer (nδ). (b) The sheet

density in the Al0.15In0.85Sb buffer layer (nbuffer). (c) The electron

mobility of the three layers, as indicated by the grouped data sets.

The dashed and dotted lines in (b) represent the calculated sheet

density for a 300-nm buffer layer appropriate for MBL samples, and

a 3-μm buffer layer appropriate for SBL samples, respectively. The

dot-dashed line shows the resulting sheet density when the buffer

layer thickness is reduced systematically from 3 μm with decreasing

temperature.

is assumed to be the InSb 2DEG. The two low-mobility layers

can be distinguished by the expected temperature dependence

of the sheet density, e.g. an activated temperature dependence

in the buffer layer (nbuffer) is expected for all samples, whereas

the temperature dependence of nδ in the δ-doped Al0.2In0.8Sb

layer will be determined by the low-temperature properties

of each individual sample. This distinction is clear for the

SBL samples in which the Al0.2In0.8Sb layer is occupied over

the entire temperature range. In these samples at 290 K,

we find μδ ≈ 0.2 m2/Vs and μbuffer ≈ 0.6 m2/Vs. For

the MBL samples, the sheet density in both low-mobility

channels exhibit an activated temperature dependence (since

both channels are depleted at low temperatures). However, the

extracted mobilities of the two layers are distinct, and their

similarity to the values obtained in the SBL samples enables

us to identify them. This is demonstrated by the grouped data

sets in Fig. 6(c). The transport properties of each sample at

290 K are listed in Table I.

The sheet density of the buffer layer is of particular

importance as this gives an indication of the expected volume-

enhanced leakage in shallow etched mesoscopic devices. The

MBL samples show a marked reduction in nbuffer compared

to the SBL samples [see Fig. 6(b)]. This is compelling

evidence that the Al0.3In0.7Sb barrier layer has reduced the

influence of the buffer layer on sample conduction as intended.

Furthermore, the 2DEG mobility is not compromised as a

result. The impact of this reduction is discussed further in

Sec. IV.

At 290 K, the difference in nbuffer between the two sets

of samples is approximately a factor of four. To understand

these results, we have calculated the sheet density of the

buffer layers in each sample using self-consistent solutions

to the Poisson and Boltzmann equations for the conduction

and valence bands of the structure.44 In the Poisson solution,

we assume a background doping density of 1 × 1015 cm−3,

and midgap pinning of the Fermi level at the surface.24,45 The

doping density in the Al0.2In0.8Sb layer is adjusted so that the

resulting QW sheet density at 10 K matches that measured

from the SdeH frequency. The temperature dependence of

the band gaps is taken into account using the usual Varshni

expression.46 The calculated electron sheet densities in the

3-μm-thick Al0.15In0.85Sb layer (SBL) and the isolated 300-nm

Al0.15In0.85Sb layer of the MBL samples are shown in Fig. 6(b)

by the dotted and dashed lines, respectively (in the MBL,

we have assumed that the upper 300-nm layer is electrically

isolated from the lower 2.7-μm-thick layer and can ignore the

mobile charge in the latter region owing to the height of the

barrier to electron and hole transfer). Excellent agreement is

found in both the temperature dependence and magnitude of

nbuffer for the MBL samples. The calculated sheet density of

the 3-μm-thick buffer layer (dotted line in Fig. 6) agrees well

with the experimental data from both SBL samples at 290 K;

although, in this case, the calculation fails to reproduce the tem-

perature dependence observed experimentally. The agreement

with the simulations at 290 K for both MBL and SBL samples

implies that the electrically active layers are close to the

anticipated thicknesses and, moreover, that the incorporation

of the pseudomorphic Al0.3In0.7Sb layer successfully isolates

the underlying buffer layer from the transport measurement.

The origin of the anomalous temperature dependence of nbuffer

in the SBL samples is unclear. The fact that the calculation

TABLE I. Room temperature electronic properties for both sets of samples determined from the three-carrier model.

Sample nQW (1015 m−2) μQW (m2/Vs) l0 (nm) nδ (1015 m−2) μδ (m2/Vs) nbuffer (1015 m−2) μbuffer (m2/Vs)

SBL-1 6.18 4.49 583 2.67 0.15 3.33 0.49

SBL-2 6.65 4.77 643 3.93 0.19 4.17 0.50

MBL-1 7.31 4.15 586 1.88 0.14 1.22 0.61

MBL-2 6.52 4.24 566 1.74 0.19 1.32 0.68
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overestimates the sheet density as the temperature is lowered

may indicate a reduction in thickness of the electrically active

layer. Such behavior would be consistent with the heavily

dislocated regions near the AlSb-GaAs interface freezing out.

Since these dislocations can propagate over 2 μm from the

interface,2 one may expect a potentially substantial change in

properties as the temperature is lowered. We can empirically

model this effect by reducing the buffer layer thickness in the

Poisson model. The simulation for a structure whose buffer

layer thickness reduces at a rate of 10 nm/K is shown by

the dot-dashed line in Fig. 6(b) and bears some resemblance

to the observed trend. We emphasize that this effect is

not substantiated; however, this simple picture does provide

insight to the electrical behavior of the buffer layer.

IV. DISCUSSION

To assess the impact of the reduced buffer layer conduction

found in the MBL samples on mesoscopic devices, we calcu-

late the conductance of the 2DEG and the underlying buffer

layer for a realistic device geometry defined by shallow mesa

etching. The geometry considered is shown schematically in

the inset to Fig. 7. For simplicity, we consider a four-terminal

symmetric cross junction with leads constructed of a wide

region (W) and a narrow region (w) of length l and l′,
respectively, on top of a square sheet of buffer layer. If we

assume that the buffer layer leakage current is not confined to

the mesa sidewalls and may extend laterally over the whole

FIG. 7. (Color online) Calculated conductance G of a 2DEG

patterned by shallow mesa-etching (G2DEG, solid symbols) and an

underlying sheet of buffer layer (Gbuffer, open symbols) for an

SBL (squares) and MBL (diamonds) sample using experimental

conductivities obtained from the previous section. Inset shows

the geometry of the device and relevant dimensions used in the

calculations. A crossover occurs in the SBL sample at intermediate

temperatures when Gbuffer ∼ G2DEG, responsible for the observed

decay of ballistic anomalies reported in Ref. 15. The half-filled

diamonds show the calculated Gbuffer of an MBL sample for the ideal

case of when the buffer layer conduction is laterally confined to the

mesa sidewalls (i.e. when the barrier layer is removed by the etch).

sheet, the two-terminal conductance of the 2DEG and buffer

layer is then approximately G2DEG ≈ σQW(2l/W+2l′/w)−1

and Gbuffer ≈ σbuffer, respectively, where σQW and σbuffer are the

sheet conductivities determined in the previous section (for

the purpose of this calculation, σQW is assumed independent

of w). This assumption is valid in both heterostructures for

etch depths less than 300 nm and represents the upper limit of

Gbuffer. We consider a 250-nm-wide cross with l′/w ∼ 8 and

l/W ∼ 6.6, which is equivalent to devices recently studied in

Ref. 16. The results of G2DEG and Gbuffer for the SBL-1 and

MBL-1 samples are shown in Fig 7. In the SBL sample, we see

the striking result that a crossover occurs, after which the con-

ductance of the buffer layer sheet exceeds that of the patterned

2DEG. In this case, the crossover occurs at approximately

230 K, which is close to the temperatures at which ballistic

transport anomalies are observed to vanish in InSb QWs.11,15

We interpret this as the temperature when ballistic anomalies

cease to be resolved. By contrast, no crossover occurs for the

MBL sample in the range of temperatures studied.

For etch depths such that the Al0.3In0.7Sb layer is removed,

one can consider the buffer layer conduction to be laterally

confined to the mesa and Gbuffer is reduced by the same

geometrical factor as for the 2DEG. This ideal case is

shown by the half-filled diamonds and is equivalent to that

achieved in lattice matched AlGaAs/InGaAs structures47 that

are sufficiently thin to permit full mesa isolation. Now G2DEG

exceeds Gbuffer by over an order of magnitude at 290 K.

Therefore, by extrapolation, we can infer that ballistic transport

in a patterned device will still be observed at room temperature,

provided the critical device dimensions (in this case w) are less

than l0. Table I lists the values of l0 at 290 K for the samples

studied. In all cases, l0 ∼ 600 nm.

We note that the mean free path deduced from the electron

mobility and density represents the average path length after

which an electron scatters sufficient times to lose all its

momentum in a given direction. This may involve a number of

small-angle scattering events or a single large-angle scattering

event. As discussed by Spector et al.,48 in mesoscopic

structures involving large injector-collector separations,

small-angle scattering events may be sufficient to alter the

electron trajectory and, hence, the transmission probability.

This process is characterized by a decay length typically less

than l0.48 The case of high-temperature ballistic transport

is interesting then as electron-phonon scattering is the

dominant source of momentum scattering, which is typically

characterized by an isotropic scattering angle distribution. It is

therefore quite reasonable that for sizable ballistic anomalies

to be observed at RT, one may require l0 to greatly exceed the

critical device dimensions. A detailed understanding of just

how scattering angles play a role in ballistic anomalies has not

been established and would be of interest, particularly in light

of experiments11,49 which propose to utilize such anomalies

for RT applications.

V. SUMMARY

InSb/AlxIn1-xSb QW heterostructures display inherent par-

allel conduction in the buffer layer that significantly impedes

the study, at room temperature, of nanoscale devices defined by

shallow mesa etching. A comparative magnetotransport study
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of two types of InSb/AlxIn1-xSb QW heterostructures, with

and without a thin pseudomorphic AlyIn1-ySb (y > x) barrier

layer below the QW, was presented. A multicarrier transport

model was used to understand the total current through the

devices in the doped Al0.2In0.8Sb top cap, InSb 2DEG, and

Al0.15In0.85Sb buffer layer. The model successfully captures

the Hall resistance over the entire experimental field range,

enabling the determination of respective conductivities. In

particular, we have demonstrated that the incorporation of a

wide-band-gap barrier layer beneath the QW can significantly

reduce the influence of parallel conduction in this region

for nanostructured devices without the need for improved

metamorphic buffer layer technology. The resulting material

has the potential to exhibit ballistic transport behavior up to

room temperature without the need for an impractical deep

isolation etch.
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