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Electronic properties of the Al selng44Sb/Gag 5Ing sSb heterostructure grown by molecular beam
epitaxy are investigated. We measure by means of x-ray photoemission spectroscopy,
photoluminescence, and Hall effect measurements the key parameters involved in the achievement
of a high speed and very low power consumption field effect transistor: conduction and valence
band offsets, energy gaps of channel and barrier materials, electron effective mass, and density of
states in the channel. We observe the influence of the quantum well thickness on the electron Hall
mobility and sheet carrier density. A type I heterostructure exhibiting a room temperature electron
mobility of 25 000 cm? V= s~! with a sheet carrier density of 1.5X 10'?> ¢m2 is demonstrated for
the widest channel. We show that the thickness of the channel influences both Hall density and
mobility through a multisubband occupancy. We discuss about the scattering mechanisms limiting
the mobility in the second subband. © 2010 American Institute of Physics. [doi:10.1063/1.3475709]

I. INTRODUCTION

High speed electronic devices for analog applications re-
quire large electron mobility materials to work at very low
supply voltages.1 The low electron effective mass needed to
reach these low power consumption applications can be ob-
tained using narrow band gap III-V materials. For instance,
the theoretical room temperature mobility in InAs or InSb
reaches 35 000 cm? V=!s7! or 78 000 cm? V! s, respec-
tively. These values have been experimentally approached
using molecular beam epitaxy (MBE).>™* However, the
unique transport properties of these semiconductors are not
sufficient to achieve high speed electronic devices and par-
ticularly field effect transistors (FETs). Ideally, a large band
gap lattice-matched material should be combined to build a
type I heterostructure with a large conduction band offset.
These properties are necessary to obtain mesa isolation, a
good Schottky gate contact and a high electron mobility with
a large sheet carrier density. The type I configuration is es-
sential to avoid hole current leakage from the channel to the
gate or an accumulation of holes, generated by impact ion-
ization, in the buffer. In this context, even though InAs and
InSb exhibit the best channel conductivity for high speed and
low power field effect devices, the combined barrier materi-
als do not show the characteristics mentioned above to ben-
efit from this outstanding transport properties.

For InAs, the natural barrier material is AISb. Excellent
electron transport properties have been demonstrated by
Kroemer” with the heterostructure. But the achievement of
high electron mobility transistors (HEMTs) is strongly lim-
ited by its type II configuration, for which there is no con-
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finement of holes in the channel. Another limitation comes
from the ~1% mismatch between the two materials which
prevents from growing a channel thicker than 15 nm without
dislocations.

For InSb, the only possible heterostructure is obtained
with an AlInSb barrier. However, due to the intrinsic strained
nature of this combination, a drastic trade-off between Al
content in the barrier and the InSb channel thickness is im-
posed, limiting the conduction band offset. This leads to a
rapid decrease in the electron mobility while increasing the
sheet carrier density. The other negative points concern the
poor insulating property of AllnSb with a lower than 30%
aluminum content and the difficulty to obtain a good
Schottky contact on such a low band gap material. However,
AllnSb/InSb HEMTs have been demonstrated by Ashley et
al.® with a record fr frequency of 305 GHz.

We have proved recently that a high electron mobility
heterostructure can be achieved using the
Al 56Ing 44Sb/ Gag 5Ing sSb system.6 An electron mobility of
18000 cm? V-'s7! with a sheet carrier density of 2.2
X 102 ¢cm™ has been reported for a Te-doped structure.
However, even though some models can predict the band
parameters of such structures, particularly the type I configu-
ration, no experimental data exist to validate the calculated
band offsets, material band gaps or mobility and density of
states (DOS) in Gay sIng sSb. These properties are key param-
eters for a high speed low power FET. Another interest of
this heterostructure is its potential application in the achieve-
ment of low power complementary digital circuit.”

In this article, we report on the measurement of the va-
lence band offset between Al s¢Ing 44Sb and Gay 5Inj ;Sb by
x-ray photoelectron spectroscopy (XPS). We obtain from
photoluminescence (PL) the band gap energies of AllnSb and

© 2010 American Institute of Physics
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FIG. 1. Schematic cross section of sample A.

GalnSb and deduce the conduction band offset. The electron
effective mass is adjusted after PL measurements on
thickness-dependent GaInSb quantum wells (QWs). Finally,
we report on Te o-doped heterostructures and discuss about
the influence of the QW thickness on the electron mobility
and sheet carrier density.

Il. EXPERIMENTAL DETAILS

The heterostructures were grown by MBE in a 3 in.
RIBER Compact21TM reactor. Standard effusion cells were
used to evaporate the group III elements. GaTe was used as
n-type dopant source using the same cell temperature for all
the n-doped layers. A valved cracker cell was used to pro-
duce Sb,. The fluxes were calibrated using reflexion high
energy electron diffraction specular beam intensity oscilla-
tions on GaAs, GaSb, and InAs substrates. For all the fol-
lowing samples, a V/III ratio between 2 and 3 was used and
the growth rate was about 0.7 monolayers(ML) s~!. The
growth was initiated from an InP (001) semi-insulating sub-
strate. The same metamorphic buffer was adopted for all the
structures:® after the oxide desorption at 550 °C under As
pressure, a 100 nm AllnAs layer lattice-matched on InP was
grown to smooth the surface; a 400 nm layer of AISb was
then used to accommodate half of the 7.15% lattice mis-
match between InP and Aljselng4Sb; a 1.2 um linear
graded Al;_,In,Sb buffer with x varying from 10% to 50%
was then added before a 10 nm Al,_InSb inverse step to
x=44% for optimizing the strain relaxation, finally a 300 nm
plateau of Al s4Ing 44Sb was grown to reduce the density of
threading dislocations. At the end of the buffer, the tempera-
ture was set to 450 °C for the growth of the active part. We
kept a constant In flux to avoid any growth interruption at the
interfaces between AlInSb and GalnSb.

Various samples were grown for this study. Sample A is
used to determine the valence band offset between
Al s6Ing 44Sb and Gay sIny sSb using XPS, according to a
commonly used procedure.8 It consists of a three-step growth
(Fig. 1). After the metamorphic buffer and the final
Al s¢Ing 44Sb plateau, the growth is interrupted; the substrate
is cooled down and transferred under ultrahigh vacuum (1
X 1071 Torr) into the XPS chamber. We use a monochro-
matic Al K« x-ray source for which the ultimate overall res-
olution as measured from the full width at half maximum of
the Ag 3ds,, line is 0.5 eV. According to Fig. 2, we then
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FIG. 2. Schematics of the XPS measurements realized on sample A to
extract the valence band offset between AllnSb and GalnSb.

measure AE;=E(Al( s¢Ing 44Sb) —Ey; 2,(Alg 56Ing 44Sb). On
the same sample, a subsequent growth of 50 nm Ga sIn, ;Sb
is performed and the same method applied to get AE,
=E(Gay 5Iny sSb) —Eg, 34(GaysInysSb). Since the electron
escape depth is around 3 nm for the considered electron ki-
netic energies, a 50 nm thickness is sufficient to probe only
the Gay 5In, sSb layer without any influence of the underlying
A10.56IHOA44Sb buffer. Finally, a 2.5-nm-thick A10.56IH0A44Sb
layer is grown on top of the 50 nm GalnSb one, on which we
extract AE;=Eg, 3,~Ej4 2. In this case, the 2.5 nm thick-
ness is chosen to be sensitive to both the surface
Al 56Ing 44Sb and the underlying Ga, sIn, 5Sb layers. Accord-
ing to Fig. 2, the valence band offset AE, is then obtained
by: AE,=AE;+AE,-AE,.

Samples B and C are two stacks of undoped AllnSb/
GalnSb/AlInSb QWs of different thickness. The sample B is
depicted on Fig. 3. It consists of two GaInSb QW (50 nm and
9 nm, respectively) separated by a 200 nm AlInSb barrier.
The top barrier is 100 nm thick and the structure is capped
with a 5 nm GalnSb layer. The stack of sample C is dis-
played on Fig. 4. It is composed of three GaInSb QW with a
thickness of 12 nm, 6 nm, and 4 nm, respectively (from the
bottom to the top). The QW are separated with 200-nm-thick
AlInSb barriers. The same barrier separates the top QW from
a 4 nm GalnSb cap layer. Samples D, E, and F consist of
tellurium &-doped heterostructures with different GalnSb
channel thicknesses (10 nm, 15 nm, and 25 nm, respec-
tively). After the channel growth, these samples consist of a

GalnSb 5 nm
AllnSb 100 nm
GalnSb 9 nm
AlInSb 200 nm
GalnSb 50 nm

Metamorphic
buffer

FIG. 3. Schematic cross section of sample B.
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AllnSb 20 nm
GalnSb 6 nm
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FIG. 4. Schematic cross section of sample C.

5 nm AllnSb spacer, a Te 5-doping plane inserted between 4
ML of AISb, a 10 nm AlInSb barrier, and a Te-doped GalnSb
cap layer (Fig. 5).

All the samples (except for A) were characterized by 10
K PL using an InSb detector cooled at 77 K. For samples D,
E, and F, we also performed Hall Effect measurements using
the van der Pauw configuration with ohmic contacts obtained
by alloying indium through the top barrier at 200 °C for 10
min. Eventually, magnetotransport measurements were car-
ried out at 4 K on sample F to evaluate the multisubband
occupancy for electrons in the channel.

lll. RESULTS

The values of discontinuities denoted as AE;, AE,, and
AE; on Fig. 2 are deduced from the XPS spectra analyses.
We obtain, respectively, 73.25*0.02 eV, 18.94%0.02 eV,

GalnSbh:Te 5 nm
AllnSb 10 nm

AllnSb 5 nm
spacer

Te doping
plane —p

—

GalnSb channel
10, 15 or 25 nm

Metamorphic
buffer

FIG. 5. Schematic cross sections of samples D, E, and F with channel
thicknesses of 10 nm, 15 nm, and 25 nm, respectively.
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FIG. 6. (Color online) Position of PL peaks vs AlInSb/GalnSb QW thick-
ness extracted from the PL spectra displayed on the inset and measured on
sample B (first and third peaks from the left) and C (second, fourth, and fifth
peaks from the left). The theoretical value of the E;—HH, transition calcu-
lated using an electron effective mass of 0.023 m, is superimposed. The
vertical dashed lines in the inset correspond to the theoretical position of the
different peaks using an electron effective mass either of 0.019 m, (line on
the right of the peaks) or 0.0265 m, (line on the left of the peaks).

and 54.52+0.02 eV. Thus, the valence band offset between
the two materials is determined as 0.21 =0.05 eV at room
temperature. Since the bandgaps of Aljsglng4Sb and
Gay sIng sSb are expected to show a similar temperature de-
pendency (about +70 meV from 300 to 10 K according to
Vurgaftman et al.“), this valence band offset can be consid-
ered as still valid at 10 K.

PL spectra measured at 10 K on samples B and C are
displayed in the inset of Fig. 6. For each sample, we can
identify the QW thickness-dependent peak corresponding to
the main optical transition (labeled E,—~HH,). Another part
of the spectra, not shown on the inset of Fig. 6, reveals a
peak at 1.29 eV, attributed to electron—hole recombinations
revealing the bandgap of the AllnSb barrier. The band gap
energy of Ga sIng sSb (0.43 eV) is directly deduced from the
PL measurement in the thickest QW (50 nm), for which con-
finement effects on electrons and holes can be neglected. The
measurement of Al s¢Ing44Sb and Gag sInysSb band gaps,
associated with the evaluation of the AE, value obtained by
the XPS analysis, leads to a full determination of the band
parameters for the Algsglng44Sb/GagsIngsSb heterostruc-
ture. The type I configuration of the structure is confirmed
and a conduction band offset of 0.65 eV £0.05 eV between
the two materials is deduced.

Assuming such band parameters, we used a model based
on the Schrodinger equation solution to check the effective
mass value of electrons in GagslngsSb. For m)
=0.023+0.004 m,, which is almost the same electron effec-
tive mass as in InAs, we observe a very good agreement
between the position of the PL peaks and the calculated
curve (Fig. 6). As an estimation of the uncertainty of this
effective mass deduction, we added on the inset of Fig. 6
vertical dashed lines corresponding to the peak position cal-
culation using an electron effective of 0.019 or 0.0265 m,,.

The result of van der Pauw measurements obtained at
300 and 77 K on the samples D, E, and F are plotted in Fig.
7. The measured electron sheet density is almost constant for
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FIG. 7. Hall mobilities and sheet electron densities vs channel thickness
deduced from van der Pauw measurements on sample D (10 nm), sample E
(15 nm), and sample F (25 nm).

the samples with 15 or 25 nm channel (about 1.5
X 10'? ¢cm™2) whereas a slightly larger value is obtained for
the 10 nm channel sample (about 1.8 X 10'> cm™2). We ob-
serve an increase in the Hall mobility for the widest channel
with a maximum room temperature value of
25000 cm? V717l

The occupancy of confined electronic levels in the con-
duction band of a é-doped GaInSb QW was investigated by
PL experiments. The injection of photogenerated holes in the
QW induces radiative recombinations with electrons of the
Fermi sea revealing the singularities of the conduction band
and particularly the ground energies of the populated
subbands.”'°

The spectra measured on samples D, E and F are dis-
played in Fig. 8. Unfortunately, the energy region of interest
is partly hidden or deformed by carbon dioxide absorption
(between 0.43 and 0.49 eV), resulting in some parasitic
peaks in this range (mainly at 0.459 and 0.469 eV). A 488
nm photon flux of about 6 X 10! photons cm™ s~! has been
used.

For the thinnest QW heterostructure [see Fig. 8(a)], one
peak is observed with an extending tail toward high energies.
This peak is attributed to the E,—HH, transition. The high
energy tail extending up to 0.65 eV is due to the recombina-
tions of hot electrons up to the Fermi level with heavy holes
from the ground valence band level. This result is consistent
with the electron DOS of about 1 X 10 cm™2 eV~!, deduced
from the electron effective mass of 0.023 m, using the for-
mula DOS=m"*/(7#?) (where 7% is the reduced Planck’s con-
stant). Indeed, this value of DOS would induce a spreading
of electrons on the range of 180 meV for the 1.8
X 10'> cm™ electron density measured by Hall effect.

For the 15 nm QW heterostructure [see Fig. 8(b)], the
shape of the PL spectra is quite different. Indeed, it exhibits
multiple maxima with a dominant peak at high energy (about
0.54 eV). This peak is attributed to the E,—HH; transition.
The lower confinement of electrons in this wider well in-
duces a decrease in the second conduction subband ground
energy below the Fermi level.

For the 25 nm QW heterostructure [see Fig. 8(c)], PL is
observed from about 0.44 to 0.52 eV. In the latter, the low
confinement of electrons leads to very close E;—HH, and
E,—HH, transitions. In addition to the perturbation induced
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FIG. 8. 10 K PL measurements on the 5-doped heterostructures D (a), E (b),
and F (c) for an optical excitation power of 25 wW/um? (the CO, absorp-
tion window is delimited by the two vertical dashed lines).

by CO, absorption in this range of energy, this causes some
difficulties to clearly distinguish two separate peaks in the
PL spectrum but two conduction subbands are probably oc-
cupied.

To evaluate the occupancy rate of the second electron
subband in this sample, we have performed magnetotrans-
port measurements at 4 K. The measured in-plane resistivi-
ties are displayed in Fig. 9. From these results, we perform
an analysis assuming that the two-dimensional resistivity co-
efﬁICSients (assuming no Landau level formation) are given
by:

P = (D1 +Dy)/[(D + Dy)* + (A; + Ay, (1)
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FIG. 9. Magnetotransport measurement at 4 K on sample F: solid line is the
R,, resistivity and dashed line is the R,, resistivity.

Pxy = (A, +A)/[(D; + D2)2 +(A, +A2)2], (2)

where D; and A; (i=1 or 2) are two sets of parameters for the
two subbands given by:

D;=enu/[1+ (w;B)?], (3)

A;=en;uBI[1 + (u;B)?], @

where e is the electron charge, n; and w; the electron sheet
density and mobility on the first subband and B the applied
magnetic field.

This model predicts an increase in p,, and a decrease in
the p,, slope versus field, as compared with the single sub-
band model. It is indeed the case (see Fig. 9). The experi-
mental results are fitted by adjusting D; and A; parameters,
their respective values being summarized in Fig. 9.

IV. DISCUSSION

Two scattering mechanisms can contribute to the in-
creasing Hall mobility with the channel thickness observed
at 300 and 77 K. For such a thin spacer heterostructure (5
nm), scattering by remote donor impurities is important. As
the channel thickness increases, the maximum of the wave
function of electrons is displaced away from the upper inter-
face of the QW, reducing the interactions of electrons with
remote donor impurities. As demonstrated by Bolognesi et
al.,"* interface roughness scattering can also be significant at
room temperature for thin QW on a metamorphic buffer. We
measured by atomic force microscopy a root mean square
roughness of about 5 nm on a 25 um? image [the surface
exhibits height fluctuations of about 8§ nm on a lateral scale
of about 500 nm (Ref. 6)].

Considering the results of the magnetotransport mea-
surements on sample F, the first observation is that the sum
of the two subband densities is almost the same as the Hall
density measured on sample D where only one subband is
occupied (about 1.8 10'? ¢m™2). It is consistent with the
same amount of Te incorporated in the doping plane. This
result indicates that the Hall density measured on wide chan-
nel heterostructure underestimates the total sheet carrier den-
sity in the QW (the same value of about 1.5 X 102 cm™ was
obtained at 77 and 10 K). This underestimation is due to the
outstanding low mobility of electrons in the second subband
as revealed by the magnetotransport measurements analysis

J. Appl. Phys. 108, 043704 (2010)

(about twenty times lower). Indeed, in a two level system,
the relationship between Hall density and sheet carrier den-
sities and mobilities in the two subbands that can be deduced
from the expression of the p,, coefficient at low magnetic
field is given by:

g = [y +nopn)* Y (n pf + naps), (5)

where ny is the Hall electron density and n; and u; are,
respectively, the density and mobility of electrons occupying
the ith subband. When the mobility and density of carriers in
the second subband are low, they do not significantly change
the conductivity of the channel and the measured Hall value
correspond to the sheet density in the first subband. Similarly
but to a lesser extent, the reduction in Hall electron mobility
induced by the second subband occupancy has been reported
for other systems such as AlSb/InAs (Refs. 14 and 15) or
AlGaAs/GaAs heterostructures.'® In the latter paper, the mo-
bility of electrons in each subband is extracted from the mag-
netotransport measurement using a standard classical model
and the authors attribute the low electron mobility in the
second subband to a smaller value of the Fermi velocity in
the second subband due to the reduced sheet concentration of
electrons. This implies a more effective ionized impurity
scattering for the slowly moving electrons in the second sub-
band. Another consequence of the larger Fermi wavelength
{\Np=[(27/n)"?]} is the increase in the effectiveness of other
scattering mechanisms such as interface roughness, alloy dis-
order, background impurities, or dislocations.

V. CONCLUSION

We have measured the electronic properties of the
Al 56Ing 445b/ Gag 5Ing sSb heterostructure. A type I configu-
ration with a large conduction band offset of 0.65 eV and an
electron effective mass of 0.023 m, have been demon-
strated. Electron transport properties in modulation doped
heterostructures have been investigated at room temperature
and 77 K. The highest room temperature electron mobility,
25000 cm? V-!s7! was achieved for the widest channel
(25 nm). This result is attributed to a decrease in both inter-
face roughness scattering and remote donor impurity scatter-
ing for samples with a wide channel. PL measurements cor-
related with magnetotransport experiments at 4 K revealed
the occupancy of a second subband in this case with a seri-
ously degraded electron mobility on the second level. This
phenomenon is probably related to the low sheet electron
density in the second subband leading to an increase in the
Fermi wavelength of electron and thus of the scattering
mechanisms. The occupation of a second subband with a low
electron mobility leads to an underestimation of the total
sheet carrier density by Hall measurement. These results sug-
gest that the heterostructure could be further improved by an
enhancement of the metamorphic buffer to reduce both the
threading dislocation density and the surface roughness.
However, the demonstrated electronic properties with a wide
channel are very promising for the realization of high speed
and very low power consumption field effect devices.
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