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The growth and the electrical properties of HfO2 / In0.53Ga0.47As interfaces are characterized as a
function of exposure to trimethylaluminum �TMA� prior to chemical beam deposition of HfO2 from
an alkoxide precursor. It is shown that TMA can act as a surfactant for HfO2 growth for �2�4� but
not for the group-III-rich �4�2� reconstructed surfaces. The Fermi-level can be unpinned by
postdeposition forming gas anneals only for interfaces that were exposed to low doses of TMA at
low temperatures. The results are discussed in the context of the interaction between TMA and III-V
surfaces. © 2011 American Institute of Physics. �doi:10.1063/1.3553275�

High dielectric constant �k� dielectric/III-V compound
semiconductor interfaces are of interest for metal-oxide-
semiconductor field effect transistors, because III-V semi-
conductors allow for higher electron mobilities than Si. Ma-
jor challenges include finding suitable dielectrics allowing
for high capacitance densities �low equivalent oxide thick-
ness �EOT�� and the development of passivation schemes for
the typically very high density of interface trap states �Dit�.

1

Approaches to reduce Dit have mostly focused on
Al2O3 / III-V interfaces,2,3 but the low dielectric constant of
Al2O3 also limits EOT scaling. Recently, we have shown that
postdeposition hydrogen anneals can reduce the Dit of
HfO2 / In0.53Ga0.47As metal-oxide-semiconductor capacitors
�MOSCAPs�,4 resulting in an unpinned Fermi-level that can
be moved past midgap for n-type In0.53Ga0.47As. In this
work, HfO2 was deposited using hafnium tert-butoxide
�HTB� as the source after short exposure of the
In0.53Ga0.47As surface to trimethylaluminum �TMA� prior to
HfO2 deposition.4 TMA plays an important role in
high-k / III-V technology, because it is widely used for atomic
layer deposition of Al2O3 / III-V interfaces and can aid in
removing unwanted native oxides from the III-V surface.5

The goal of the studies reported in this letter is to further
investigate the mechanisms by which TMA influences the
growth and electrical properties of high-k / III-V interfaces.

Substrates were commercial, As-capped, 300 nm thick
n-In0.53Ga0.47As layers �Si doping: 1�1017 cm−3� that were
grown by molecular beam epitaxy �MBE� on �001� n�-InP
wafers �IntelliEpi, Richardson, Texas�. The As-cap was re-
moved in situ prior to dielectric deposition by heating the
substrate in the MBE system. The In0.53Ga0.47As surface re-
construction was monitored during and after As-decapping
and TMA exposure, respectively, using reflection high-
energy electron diffraction. By heating to 400 and 460 °C,
respectively, �2�4� and �4�2� surface reconstructions
could be obtained after decapping and preserved until HfO2
film growth. Surfaces were exposed to TMA using different
doses, by varying flux, exposure time �3–30 s�, and substrate
temperatures �223–300 °C�. The TMA flux was varied by
adjusting the baratron pressure of the gas inlet system be-

tween 0.1 and 0.4 torr �no carrier gas was used�. For all
conditions, TMA exposure had only a minor influence on the
observed surface reconstruction. For �2�4� surfaces, reflec-
tions from ��2�4� weakened in intensity relative to those
from ��2�4�. HfO2 was deposited using HTB as the source,
as described in Refs. 4 and 6, at a substrate temperature of
400 °C. The HfO2 film surface morphology was character-
ized using scanning electron microscopy �SEM�. MOSCAPs
were fabricated after annealing for 5 min in nitrogen at
400 °C by depositing 50 nm Pt metal gates by electron beam
evaporation through a shadow mask. All MOSCAPs were
annealed in forming gas �95% of N2 and 5% of H2� for 50
min at 400 °C. Back contacts were Ti �20 nm�/Pt �20
nm�/Au �250 nm�. Frequency-dependent capacitance-voltage
�CV� and conductance-voltage �GV� measurements were car-
ried out at room temperature from 1 kHz to 1 MHz in the
dark using an impedance analyzer �Agilent 4294�. Capaci-
tance and conductance values were corrected for series resis-
tance �Eqs. �5.88�, �5.90�, and �5.91� in Ref. 7�. Interface
electrical properties were analyzed using the Terman and
conductance methods.1,6,8 To calculate the EOT, the oxide
capacitance was estimated from 1 MHz CV curves by map-
ping onto a calculated CV curve, which included the effects
of the low density of states in the conduction band.8

Figures 1�a�–1�c� show SEM images of HfO2 film sur-
faces deposited on In0.53Ga0.47As with and without prior
TMA exposure at 300 °C, respectively. Without TMA, HfO2
grows in three-dimensional island growth mode, and the
films exhibit large surface grains �Fig. 1�a��. Island growth is
typical in the deposition of binary high-k oxides from metal-
alkoxide precursors,9–11 as well as for electron beam depos-
ited HfO2 on III-V semiconductors.12 The minimum thick-
ness required to obtain a coalesced HfO2 film without TMA
exposure was around 30 nm. In contrast, short TMA expo-
sure of a �2�4� reconstructed In0.53Ga0.47As surface prior to
HfO2 deposition resulted in fully coalesced HfO2 films for
thicknesses down to 8 nm �Fig. 1�b��. The higher density of
surface grains in Fig. 1�b� indicates that TMA acts as a sur-
factant and increases the density of nucleation sites for HfO2
growth. The TMA /HfO2 deposition process allows for EOT
scaling. Figure 1�d� shows CV curves of 8, 10, and 18 nm
thick HfO2 films measured at 1 MHz. The correspondinga�Electronic mail: stemmer@mrl.ucsb.edu.
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estimated EOT values are 1.5, 2.4, and 4.3 nm, respectively.
The depletion capacitance of all three MOSCAPs is close to
the ideal value calculated from the semiconductor doping.
This indicates that the Fermi-level movement is sufficient to
fully deplete the semiconductor and is not pinned near
midgap1,8 �a more detailed analysis is performed below�.

The effect of TMA exposure on HfO2 growth depends
on the In0.53Ga0.47As surface chemistry. Figure 1�c� shows
the surface morphology of an HfO2 film deposited after
TMA exposure on the group-III-rich �4�2� reconstructed
In0.53Ga0.47As surface. The HfO2 islands are not yet com-
pletely coalesced even at a film thickness of 11 nm. The
results indicate that TMA bonds more strongly to the �2
�4� surface. According to Ref. 13, TMA dissociates into

dimethylaluminum �DMA�, Al�CH3�2
+, which bonds to the

As-sites on the III-V surface. The group-III-rich �4�2� sur-
faces offer fewer As-sites for chemisorption of DMA, result-
ing in fewer nucleation sites for subsequent HfO2 growth.

To investigate the influence of TMA on the electrical
characteristics, �2�4� reconstructed In0.53Ga0.47As surfaces
are used in the remainder of this study. Figure 2�a� summa-
rizes the influence of TMA exposure parameters �substrate
temperature, TMA exposure time, and flux� on the electrical
properties of HfO2 / In0.53Ga0.47As interfaces. The red circles
indicate unpinned interfaces, defined here as those for which
the Fermi-level at the interface could be moved into the
lower half of the band gap after annealing in forming gas.
The open symbols indicate interfaces that are effectively
pinned at midgap for the maximum applied voltage. To illus-
trate the differences, Fig. 2�b� shows a CV curve that is
typical for the MOSCAPs marked by red filled circles in Fig.
2�a�, whereas Fig. 2�c� shows typical CV for MOSCAPs
marked by open symbols in Fig. 2�a�. Both MOSCAPs have
an �18 nm thick HfO2 film and were processed under iden-
tical conditions. Note the smaller stretch-out and lower fre-
quency dispersion at negative biases for the MOSCAP
shown in Fig. 2�b�, indicative of a lower Dit �Ref. 1 and 8�
�for a quantitative analysis, see below�. The depletion capaci-
tance for the MOSCAP in Fig. 2�b� is close to its ideal value
�0.119 �F /cm2�,4 while that of Fig. 2�c� is larger, indicating
that the Fermi-level movement is limited to the upper half of
the band gap. Figure 2�a� shows that unpinned interfaces are
observed for TMA exposure at substrate temperatures below
250 °C with small doses �baratron pressures of less than

FIG. 1. �Color online� Plan-view SEM images of HfO2 films grown on
In0.53Ga0.47As surfaces �a� without TMA exposure, �b� after TMA exposure
of a �2�4� reconstructed surface, and �c� after TMA exposure of a �4
�2� reconstructed surface. The HfO2 film thicknesses were �a� �30 nm,
�b� �10 nm, and �c� �11 nm. �d� CV curves measured at 1 MHz of 8 nm
�blue�, 10 nm �gray�, and 18 nm �red�, forming gas annealed
HfO2 / In0.53Ga0.47As MOSCAPs, grown on TMA-exposed �2�4� recon-
structed In0.53Ga0.47As surfaces.

FIG. 2. �Color online� �a� Relationship between TMA exposure conditions
�baratron pressure, substrate temperature, and exposure time� and interface
electrical characteristics. All films were grown on �2�4� reconstructed sur-
faces. Red filled circles indicate interfaces with an unpinned Fermi-level.
��b� and �c�� CV curves measured as a function of frequency typical for �b�
MOSCAPs marked by red filled symbols in �a�, and �c� MOSCAPs marked
by open symbols in �a�.
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0.1 torr and short exposure times of around 10 s�. At 250 °C
both pinned and unpinned interfaces are obtained, as indi-
cated. The HfO2 films grown on TMA deposited at the low-
est temperature �228 °C� are too thin �3–4 nm� and not yet
fully coalesced. In addition to the data points shown in Fig.
2�a�, additional samples were grown under low dose/low
temperature conditions, and these were all unpinned after
forming gas anneals.

Although the nature of the defects created by too high
doses of TMA or by too high substrate temperatures is not
known, the results indicate that these defects effectively pre-
vent Fermi-level unpinning by the forming gas anneal. Inter-
estingly, HfO2 is subsequently deposited at a higher tempera-
ture, so raising the substrate temperature after the TMA
exposure does not appear to prevent Fermi-level unpinning
by the forming gas anneal.

Figure 3 shows a quantitative analysis of the MOSCAP
shown in Fig. 2�b�. The conductance map �Fig. 3�a�� is an
indicator of how efficient the Fermi-level moves as a func-
tion of gate bias.6,14 The normalized parallel conductance
peak ��Gp /�� /Aq�max, where Gp is the parallel conductance,

� is the frequency, A is the MOSCAP area, and q is the
elementary charge, moves efficiently as a function of gate
bias between �0.15 and 0.3 eV below the conduction band
edge. Figure 3�b� shows the Dit distribution as calculated
using the Terman method.8 Dit varies between 6�1012 and
2�1013 /eV cm2. The minimum Dit, at 0.3 eV below the
conduction band edge, corresponds to the energy range in
which the conductance map indicates efficient Fermi-level
movement. The inset of Fig. 3�b� compares the extracted
semiconductor band bending with the ideal �no Dit� band
bending. A band bending of more than 0.6 eV from the flat-
band condition, �s=0, is achieved, which is large, consider-
ing the relatively low Cox of 0.8 �F /cm2. Similar interface
characteristics were obtained for the thinner HfO2 films
shown in Fig. 1�d�.

In summary, the results show that TMA increases the
nucleation density for HfO2 growth from HTB on �2�4�
reconstructed In0.53Ga0.47As surfaces, allowing for unpinned
Fermi-levels and thin coalesced HfO2 films. TMA is not an
efficient surfactant for HfO2 growth on �4�2� reconstructed
surfaces, most likely because of the lower density of As
bonding sites. Too high doses of TMA and high substrate
temperatures during TMA exposure, even if too low to affect
the III-V surface reconstruction, cause degradation of the
interface electrical properties �Fermi-level pinning� that can-
not be recovered by forming gas annealing.

The research was funded by the Semiconductor Re-
search Corporation through the Nonclassical CMOS Re-
search Center �Task ID 1437.005�. This work made use of
the UCSB Nanofabrication Facility, a part of the NSF-funded
NNIN network.

1R. Engel-Herbert, Y. Hwang, and S. Stemmer, J. Appl. Phys. 108, 124101
�2010�.

2H. C. Lin, W. E. Wang, G. Brammertz, M. Meuris, and M. Heyns, Micro-
electron. Eng. 86, 1554 �2009�.

3E. J. Kim, L. Q. Wang, P. M. Asbeck, K. C. Saraswat, and P. C. McIntyre,
Appl. Phys. Lett. 96, 012906 �2010�.

4Y. Hwang, R. Engel-Herbert, N. G. Rudawski, and S. Stemmer, J. Appl.
Phys. 108, 034111 �2010�.

5C. L. Hinkle, A. M. Sonnet, E. M. Vogel, S. McDonnell, G. J. Hughes, M.
Milojevic, B. Lee, F. S. Aguirre-Tostado, K. J. Choi, H. C. Kim, J. Kim,
and R. M. Wallace, Appl. Phys. Lett. 92, 071901 �2008�.

6Y. Hwang, R. Engel-Herbert, N. G. Rudawski, and S. Stemmer, Appl.
Phys. Lett. 96, 102910 �2010�.

7E. H. Nicollian and J. R. Brews, MOS (Metal Oxide Semiconductor) Phys-
ics and Technology �Wiley, New York, 1982�.

8R. Engel-Herbert, Y. Hwang, and S. Stemmer, Appl. Phys. Lett. 97,
062905 �2010�.

9A. C. Jones, H. C. Aspinall, P. R. Chalker, R. J. Potter, T. D. Manning, Y.
F. Loo, R. O’Kane, J. M. Gaskell, and L. M. Smith, Chem. Vap. Deposi-
tion 12, 83 �2006�.

10W. L. Gladfelter, R. C. Smith, D. Burleson, C. J. Taylor, J. T. Roberts, S.
A. Campbell, N. Hoilien, M. Tiner, R. Hegde, and C. Hobbs, Gate Stack
and Silicide Issues in Silicon Processing II, Materials Research Society
Symposia Proceedings No. 670 �MRS, Warrendale, PA, USA, 2001�,
p. K4.1.1.

11A. Dabirian, Y. Kuzminykh, B. Afra, S. Harada, E. Wagner, C. S. Sandu,
G. Benvenuti, S. Rushworth, P. Muralt, and P. Hoffmann, Electrochem.
Solid-State Lett. 13, G60 �2010�.

12J. B. Clemens, S. R. Bishop, J. S. Lee, A. C. Kummel, and R. Droopad, J.
Chem. Phys. 132, 244701 �2010�.

13J. B. Clemens, E. A. Chagarov, M. Holland, R. Droopad, J. A. Shen, and
A. C. Kummel, J. Chem. Phys. 133, 154704 �2010�.

14H. C. Lin, G. Brammertz, K. Martens, G. de Valicourt, L. Negre, W. E.
Wang, W. Tsai, M. Meuris, and M. Heyns, Appl. Phys. Lett. 94, 153508
�2009�.

FIG. 3. �Color online� Properties of a MOSCAP with an 18 nm HfO2 film
and unpinned Fermi-level. �a� Normalized parallel conductance �Gp /�� /Aq
as a function of gate voltage and frequency f and �b� Dit distribution ex-
tracted using the Terman method. The interface trap energy level 	E is
given in terms of the energy difference to the conduction band edge ECB.
The inset shows the extracted band bending �S as a function of gate voltage
extracted �blue solid line� and the ideal calculated band bending �black
dotted line�. The flatband condition corresponds to �S=0.
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