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We fabricated carbon doped InAs/In,Ga;_,As/In,Al;_,As heterostructures, which show p-type and
n-type conductivity for different In contents. Two-dimensional hole gas in a structure with x
=0.75 has been prepared in the ternary compound, despite the fact that carbon as an n-type dopant
in InAs exhibits electron conductivity in In,Ga;_,As and In,Al,_,As compounds with high indium
content. A special doping design has been employed to obtain hole conductivity. As a result, the
conductivity can be tuned from n-type to p-type with the In content and with different doping
profiles in these structures. © 2011 American Institute of Physics. [doi:10.1063/1.3557026]

Currently, a lot of attention is directed to
In,Ga,_,As/In,Al;_,As heterostructures due to their interest-
ing properties, such as low electron effective mass, high
electron mobility, high g-factor, narrow gap, pronounced
Rashba effect due to high spin-orbit coupling.”’ They are
used for the design of hybrid metal-semiconductor structures
with highly transmissive interfaces,*” tunable spin filters,® or
spin transistors.” Also the strain due to the lattice mismatch
in In-containing GaAs/AlGaAs structures can be employed
as additional degree of freedom in bandgap engineering.

The concept of a step-graded metamorphic buffer layer
with gradually increasing indium content, see, e.g., Heyn
et al,” made it possible to grow almost unstrained
In,Ga,_,As/InAl;_ As heterostructures with high indium
content on GaAs substrates. Two-dimensional electron gases
in Ing 75Gag »5As/Ing 75Al) »5sAs heterostructures with embed-
ded InAs channel can be achieved in undopedm’11 and silicon
doped structures.'? They show high electron mobilities" of
up to u=545 000 cm?/V s. Apart from Mn-modulation dop-
ing, which leads to interesting magnetic effects,' there have
been no reports on hole conductivity in modulation-doped
structures. Carbon as a doping material regularly used in
GaAs-based heterostructures is a very promising candidate.
Since, it exhibits very low diffusion and segregation, ~ it is
possible to achieve very high hole mobilities of up to 1.2
X 10% ¢cm?/V s at low temperatures in carbon p-type doped
GaAs/AlGaAs heterostructures.'®

Here, we present our results on In,Ga;_,As/In,Al;_ As
heterostructures prepared in a modified Veeco GEN II solid
source molecular beam epitaxy system, equipped with a car-
bon filament source. On a semi-insulating (100) GaAs sub-
strate we have grown an In,Al,_,As step-graded metamor-
phic buffer layer with stepwise (Ax=0.05) increasing indium
content from x=0.08 up to the final composition x=0.40,
0.50, 0.60, or 0.75. Within each 50 nm thick In,Al;_,As step,
the lattice constant relaxes due to misfit dislocation forma-
tion. The active layer consists of an In,Al;_ As barrier, a 20
nm In,Ga,_,As single quantum well (QW) with embedded
strained InAs channel, In,Al,_,As spacer layer, carbon dop-
ing layer, In,Al,_,As cap layer [see sample structure in Fig.
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1(a)]. We used two different doping techniques: modulation
doping in the In,Al;_,As layer for active layers with
x=0.20, 0.40, 0.50, 0.60, and 0.75 and digital-alloy doping
for the active layer with x=0.75. In the second case, utilizing
the fact that carbon acts as an acceptor in In,Ga;_,As and
In,Al;_,As with low indium content, we grew one layer
Ing 75Al»5As, one layer AlAs, both homogeneously doped
with carbon, and a carbon &-doping layer and repeated this
layer sequence four-times. This gives an overall indium con-
tent of x=0.40 in the doping layer. The growth rate was
1.2 um/h under As,-rich conditions and the substrate tem-
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FIG. 1. (Color online) (a) Example of the sample structure. Shown is the
layer sequence for the sample with x=0.75 indium in the active layer and
p-type conductivity. (b) Calculated valence band profile and square of hole
wave function shifted to its eigenvalue (dashed line) of the digitally-doped
sample with x=0.75. Band energies Ey, are relative to the Fermi energy. (c)
AFM image of the surface of the structure with x=0.75 In, containing a
2DHG. It exhibits a typical cross-hatched pattern. (d) Height profiles along

the [011] and [011] crystal directions.
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TABLE I Magnetotransport measurement results of
In,Al,_,As/In,Ga,_,As/InAs heterostructures at 4.2 K without illumination.
(Positive carrier density stays for holes and negative for electrons.)

Carrier density Carrier mobility

Indium content x= (X10" em™) (X10° ecm?/V s)
0.20 15.2 1.8
0.40 6.5 2.0
0.50 11.7 1.7
0.60 11.9 3.7
0.75 (modulation doped) —-1.7 12.1
0.75 (digitally doped) 12.2 6.0

perature was kept at 620 °C during the growth of the
Aly5Gag sAs/GaAs superlattice, and lowered to 340 °C for
the indium containing layers. Figure 1(b) shows valence
band profile and square of hole wave function |#{2, shifted to
its eigenvalue, of the digitally-doped sample with x=0.75,
see also Table I, calculated with the NEXTNANO3 program
package17 using effective-mass approximation method.
Despite the high hole density of p>10'> cm™, only the
topmost subband in the valence band is occupied. Two-
dimensional hole gas (2DHG) is situated in the InAs
channel.

To study the morphological properties of the surface of
the grown crystals, we used an atomic force microscope
(AFM). The surface of all samples exhibits a well-developed
cross-hatched pattern along the two orthogonal (011) direc-
tions, as shown in Fig. 1(c). This typical property ori%inates
from misfit dislocations buried in the buffer layer.“’ % The
root mean square roughness is 1.2 nm along the [011] direc-
tion and 2.9 nm along the [011] crystal direction, as can be
seen in Fig. 1(d). No significant differences were found be-
tween samples with different indium content.

The electrical characterization of the samples was per-
formed in van der Pauw and Hall bar geometry using stan-
dard lock-in techniques at low temperatures (4.2 K, 1.3 K,
and 280 mK).

The electrical properties of the modulation-doped
samples are summarized in Fig. 2 and Table I. In Fig. 2(a),
the carrier density is shown as a function of the indium con-
tent x in the active layer. The samples with x=0.20 to 0.60
indium show hole conductivity. The sample with the highest
indium content of x=0.75 exhibits electron conductivity.
Thus, the carrier type changes between x=0.60 and x=0.75
for modulation doping in In,Al,_,As. This is in contrast to
literature showing for the strained bulk In,Al,_,As and
In,Ga,_,As, grown on (100) GaAs substrates without buffer
layer, conduction type inversion from p to n at x=0.9 for
In,Al;_,As and at x=0.6 for InxGal_xAs.'9 The difference to
our samples can originate from the different sample struc-
ture, containing the buffer layer which relaxes the strain in
our case, and could lead to another incorporation mecha-
nism.

In Fig. 2(b), the carrier density is plotted as a function of
the carbon doping concentration in samples with x=0.75 in
the active layer. The thickness of the doping layer was kept
constant at 90 nm. With increasing doping intensity, the elec-
tron density also increases. Hence, it is not possible to obtain
hole conductivity by only incorporating more carbon atoms
into the layer. Illumination with a red light emitting diode
induces an increase in the electron density at low carbon
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FIG. 2. (Color online) (a) Carrier density as a function of indium content in
the active layer and (b) electron density in dependence on doping concen-
tration in the sample with x=0.75 indium content, measured at 4.2 K before
and after illumination.

doping concentrations and a reduction at high doping con-
centrations [Fig. 2(b)]. This is a sign of self-compensation of
carbon atoms at high doping densities. Carbon has been re-
ported to be a donor in InAs (Refs. 19 and 20) and InP>! But,
as a group IV member, carbon behaves amphoteric for III-V
semiconductors and shows strong self-compensation behav-
ior in these materials, resulting in conduction type inversion
with changing composition.19

Using a carbon digital-alloy-doping technique, we
overcame this problem and obtained hole conductivity in
the Ing75Alg,5As/Ing75Gag,5As/InAs heterostructure. The
sample has a hole density of p=11.4 X 10" ¢m™ and a hole
mobility of u=6.6X10* cm?/V's at 280 mK. In Fig. 3,
magnetotransport measurements at low temperatures (280
mK) are displayed. The positive slope of the Hall curve
R,, confirms the hole conductivity. The Hall resistance R,
demonstrates well-developed plateaus at even filling factors.
The longitudinal resistance R,, exhibits well-pronounced
Shubnikov—de Haas oscillations already at 1.3 K, which are
not observable at this temperature when high mobility
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FIG. 3. (Color online) Magnetotransport measurements at 280 mK on the
digitally-doped sample with x=0.75 in the active layer showing p-type con-
ductivity, without illumination.
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2DHGs in GaAs/AlGaAs QWs are measured.”> A possible
explanation is the lower hole effective mass in InAs (m,
=0.39 my) (Ref. 23) in comparison with GaAs (m,
=0.51 my, mg is the free electron mass).”> The small de-
crease in the longitudinal resistance around B=0 T, already
observable at 4.2 K, could be classified as a weak antilocal-
ization dip, due to strong spin-orbit coupling in InAs.
2DHGs formed by Mn-modulation doping show a similar
effect.'

In conclusion, we grew carbon doped
In,Ga,_,As/InAl;_ As heterostructures, which show p-type
conductivity in a large range of In content. Although carbon
seems to be a donor in InAs, our concept of doping makes it
possible to produce 2DHGs also in structures with high in-
dium content (x=0.75). The sample exhibits quantized Hall
plateaus, well-pronounced Shubnikov—de Haas oscillations,
and a weak antilocalization dip around zero magnetic field.
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SFB 689, SFB 631, and BMBF Forderschwerpunkt Nano-
QUIT.

!C. Hermann and C. Weisbuch, Phys. Rev. B 15, 823 (1977).

’C. H. Moller, C. Heyn, and D. Grundler, Appl. Phys. Lett. 83, 2181
(2003).

°D. Grundler, Phys. Rev. Lett. 84, 6074 (2000).

‘C.H. Moller, O. Kronenwerth, D. Grundler, W. Hansen, C. Heyn, and D.
Heitmann, Appl. Phys. Lett. 80, 3988 (2002).

M. Holz, O. Kronenwerth, and D. Grundler, Phys. Rev. B 67, 195312

Appl. Phys. Lett. 98, 082103 (2011)

(2003).

®M. J. Gilbert and J. P. Bird, Appl. Phys. Lett. 77, 1050 (2000).

’S. Datta and B. Das, Appl. Phys. Lett. 56, 665 (1990).

8R. Schuster, H. Hajak, M. Reinwald, W. Wegscheider, D. Schuh, M.
Bichler, and G. Abstreiter, Appl. Phys. Lett. 85, 3672 (2004).

°C. Heyn, S. Mendach, S. Lohr, S. Beyer, S. Schniill, and W. Hansen, J.
Cryst. Growth 251, 832 (2003).

10, Capotondi, G. Biasiol, I. Vobornik, L. Sorba, F. Giazotto, A. Cavallini,
and B. Fraboni, J. Vac. Sci. Technol. B 22, 702 (2004).

"E Capotondi, G. Biasiol, D. Ercolani, V. Grillo, E. Carlino, F. Romanoto,
and L. Sorba, Thin Solid Films 484, 400 (2005).

2. Richter, M. Koch, T. Matsuyama, C. Heyn, and U. Merkt, Appl. Phys.
Lett. 77, 3227 (2000).

13g, Gozu, T. Kita, Y. Sato, S. Yamada, and M. Tomizawa, J. Cryst. Growth
227-228, 155 (2001).

Hu. Waurstbauer, D. Schuh, D. Weiss, and W. Wegscheider, Physica E 42,
1145 (2010).

'>N. Kobayashi, T. Makimoto, and Y. Horikoshi, Appl. Phys. Lett. 50, 1435
(1987).

15¢, Gerl, S. Schmult, H.-P. Tranitz, C. Mitzkus, and W. Wegscheider, Appl.
Phys. Lett. 86, 252105 (2005).

17s. Birner, S. Hackenbuchner, M. Sabathil, G. Zandler, J. A. Majewski, T.
Andlauer, T. Zibold, R. Morschl, A. Trellakis, and P. Vogl, Acta Phys. Pol.
A 110, 111 (2006).

BE A Fitzgerald, Y.-H. Xie, D. Monroe, P. J. Silverman, J. M. Kuo, A. R.
Kortan, F. A. Thiel, and B. E. Weir, J. Vac. Sci. Technol. B 10, 1807
(1992).

"H. Ito and T. Ishibashi, Jpn. J. Appl. Phys., Part 2 30, L944 (1991).

206, Kamp, R. Contini, K. Werner, H. Heinecke, M. Weyers, H. Liith, and
P. Balk, J. Cryst. Growth 95, 154 (1989).

21s. 7. Pearton, U. K. Chakrabarti, C. R. Abernathy, and W. S. Hobson,
Appl. Phys. Lett. 55, 2014 (1989).

2], J. Heremans, M. B. Santos, and M. Shayegan, Appl. Phys. Lett. 61,
1652 (1992).

2W. Nakwaski, Physica B 210, 1 (1995).

Downloaded 14 May 2012 to 132.199.144.129. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1103/PhysRevB.15.823
http://dx.doi.org/10.1063/1.1610790
http://dx.doi.org/10.1103/PhysRevLett.84.6074
http://dx.doi.org/10.1063/1.1481982
http://dx.doi.org/10.1103/PhysRevB.67.195312
http://dx.doi.org/10.1063/1.1288816
http://dx.doi.org/10.1063/1.102730
http://dx.doi.org/10.1063/1.1807948
http://dx.doi.org/10.1016/S0022-0248(02)02404-1
http://dx.doi.org/10.1016/S0022-0248(02)02404-1
http://dx.doi.org/10.1116/1.1688345
http://dx.doi.org/10.1016/j.tsf.2005.02.013
http://dx.doi.org/10.1063/1.1326045
http://dx.doi.org/10.1063/1.1326045
http://dx.doi.org/10.1016/S0022-0248(01)00655-8
http://dx.doi.org/10.1016/j.physe.2009.11.091
http://dx.doi.org/10.1063/1.97846
http://dx.doi.org/10.1063/1.1949292
http://dx.doi.org/10.1063/1.1949292
http://dx.doi.org/10.1116/1.586204
http://dx.doi.org/10.1143/JJAP.30.L944
http://dx.doi.org/10.1016/0022-0248(89)90371-0
http://dx.doi.org/10.1063/1.102276
http://dx.doi.org/10.1063/1.108441
http://dx.doi.org/10.1016/0921-4526(94)00921-H

