
Title On the calculation of effective electric field in In0.53Ga0.47As surface
channel metal-oxide-semiconductor field-effect-transistors

Author(s) Sonnet, A. M.; Galatage, R. V.; Hurley, Paul K.; Pelucchi, Emanuele;
Thomas, Kevin K.; Gocalińska, Agnieszka M.; Huang, J.; Goel, N.;
Bersuker, G.; Kirk, W. P.; Hinkle, C. L.; Wallace, Robert M.; Vogel, E.
M.

Publication date 2011

Original citation Sonnet, A. M., Galatage, R. V., Hurley, P. K., Pelucchi, E., Thomas, K.
K., Gocalinska, A., Huang, J., Goel, N., Bersuker, G., Kirk, W. P.,
Hinkle, C. L., Wallace, R. M. and Vogel, E. M. (2011) 'On the
calculation of effective electric field in In0.53Ga0.47As surface channel
metal-oxide-semiconductor field-effect-transistors', Applied Physics
Letters, 98(19), pp. 193501. doi: 10.1063/1.3588255

Type of publication Article (peer-reviewed)

Link to publisher's
version

http://aip.scitation.org/doi/abs/10.1063/1.3588255
http://dx.doi.org/10.1063/1.3588255
Access to the full text of the published version may require a
subscription.

Rights © 2011 American Institute of Physics.This article may be
downloaded for personal use only. Any other use requires prior
permission of the author and AIP Publishing. The following article
appeared in Sonnet, A. M., Galatage, R. V., Hurley, P. K., Pelucchi,
E., Thomas, K. K., Gocalinska, A., Huang, J., Goel, N., Bersuker, G.,
Kirk, W. P., Hinkle, C. L., Wallace, R. M. and Vogel, E. M. (2011)
'On the calculation of effective electric field in In0.53Ga0.47As
surface channel metal-oxide-semiconductor field-effect-transistors',
Applied Physics Letters, 98(19), pp. 193501 and may be found at
http://aip.scitation.org/doi/abs/10.1063/1.3588255

Item downloaded
from

http://hdl.handle.net/10468/4322

Downloaded on 2018-08-23T18:47:00Z

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Cork Open Research Archive

https://core.ac.uk/display/85256895?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://aip.scitation.org/doi/abs/10.1063/1.3588255
http://dx.doi.org/10.1063/1.3588255
http://hdl.handle.net/10468/4322


On the calculation of effective electric field in  surface channel metal-
oxide-semiconductor field-effect-transistors
A. M. Sonnet, R. V. Galatage, P. K. Hurley, E. Pelucchi, K. K. Thomas, A. Gocalinska, J. Huang, N. Goel, G.
Bersuker, W. P. Kirk, C. L. Hinkle, R. M. Wallace, and E. M. Vogel,

Citation: Appl. Phys. Lett. 98, 193501 (2011); doi: 10.1063/1.3588255
View online: http://dx.doi.org/10.1063/1.3588255
View Table of Contents: http://aip.scitation.org/toc/apl/98/19
Published by the American Institute of Physics

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1560419294/x01/AIP-PT/APL_ArticleDL_071217/CiSE_BeakerPipes_1640x440.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Sonnet%2C+A+M
http://aip.scitation.org/author/Galatage%2C+R+V
http://aip.scitation.org/author/Hurley%2C+P+K
http://aip.scitation.org/author/Pelucchi%2C+E
http://aip.scitation.org/author/Thomas%2C+K+K
http://aip.scitation.org/author/Gocalinska%2C+A
http://aip.scitation.org/author/Huang%2C+J
http://aip.scitation.org/author/Goel%2C+N
http://aip.scitation.org/author/Bersuker%2C+G
http://aip.scitation.org/author/Bersuker%2C+G
http://aip.scitation.org/author/Kirk%2C+W+P
http://aip.scitation.org/author/Hinkle%2C+C+L
http://aip.scitation.org/author/Wallace%2C+R+M
http://aip.scitation.org/author/Vogel%2C+E+M
/loi/apl
http://dx.doi.org/10.1063/1.3588255
http://aip.scitation.org/toc/apl/98/19
http://aip.scitation.org/publisher/


On the calculation of effective electric field in In0.53Ga0.47As surface
channel metal-oxide-semiconductor field-effect-transistors

A. M. Sonnet,1 R. V. Galatage,1 P. K. Hurley,2 E. Pelucchi,2 K. K. Thomas,2

A. Gocalinska,2 J. Huang,3 N. Goel,3 G. Bersuker,3 W. P. Kirk,1 C. L. Hinkle,1

R. M. Wallace,1 and E. M. Vogel1,a�

1Department of Electrical Engineering and Department of Materials Science and Engineering,
The University of Texas at Dallas, Richardson, Texas 75080, USA
2Tyndall National Institute, University College, Cork, Ireland
3Sematech Inc., Austin, Texas 78741, USA

�Received 26 December 2010; accepted 15 April 2011; published online 9 May 2011�

The effective electron mobility of In0.53Ga0.47As metal-oxide-semiconductor field-effect-transistors
with HfO2 gate oxide was measured over a wide range of channel doping concentration. The back
bias dependence of effective electron mobility was used to correctly calculate the vertical effective
electric field. The effective electron mobility at moderate to high vertical effective electric field
shows universal behavior independent of substrate impurity concentration. © 2011 American
Institute of Physics. �doi:10.1063/1.3588255�

Because of their exceptional electron mobility and rea-
sonable bandgaps,1 InxGa1−xAs alloys are considered to be
promising materials for future generation n-channel metal-
oxide-semiconductor field-effect-transistor �MOSFETs� for
low power logic applications. Recent reports on very short
channel devices on InxGa1−xAs substrates demonstrate excel-
lent electronic transport characteristics.2–5 However, for de-
vice modeling and performance analysis, a quantitative
knowledge of the inversion layer effective mobility ��ef f�
and its dependence on various device operating conditions
are required. The vertical effective electric field �Eef f� is a
critical parameter for the appropriate calculation and com-
parison of the inversion layer electron mobility of surface
channel MOSFETs.

The inversion layer electron mobility can be separated
into three dominant scattering regimes as a function Eef f.

6 At
low Eef f the mobility is limited by scattering by doping at-
oms and charges at the semiconductor/oxide interface �Cou-
lomb scattering�.7 At relatively higher Eef f, phonon scattering
dominates over Coulomb scattering. At even higher Eef f, sur-
face roughness scattering limits the total mobility.7 Though a
significant amount of work has been previously performed
on modeling electron and hole mobility along with the deter-
mination of Eef f for Si surface channel MOSFETs,8–12 little
work has been done for III-V MOSFETs. In this work we
present the correct calculation of the Eef f experienced by the
inversion layer electrons in In0.53Ga0.47As MOSFETs. The
effective electron mobility ��ef f� of surface channel
In0.53Ga0.47As MOSFETs with HfO2 gate dielectric was mea-
sured over a wide range of channel doping concentration
�Na�. The mobility data at moderate to high electric field
plotted against the Eef f fall on a single line for all doping
concentrations confirming that the model is correct.

A fully isolated, nonself aligned, gate last process has
been used to fabricate the In0.53Ga0.47As devices. A 2 �m
p-doped In0.53Ga0.47As channel layer was grown by metalor-
ganic vapor phase epitaxy on InP p+ substrate with standard
precursors �trimethyl-aluminum/gallium/indium in purified

N2 carrier gas and purified AsH3� in a commercial horizontal
system managed and constantly monitored to guarantee low
unintentional impurity levels.13 Several epitaxial layer dop-
ing concentrations �Zn doped, �1�1016 cm−3 �Na�1
�1018 cm−3� have been used for the device fabrication. The
effective doping concentration was confirmed using the
minimum-maximum MOS capacitance-voltage technique.14

After performing a standard degrease with acetone, methanol
and isopropanol solution �1 min each�, a 300 nm plasma
enhanced chemical vapor deposited �PECVD� SiO2 was de-
posited as an isolation oxide. Source and drain �S/D� regions
were selectively implanted with 1�1014 cm−2 Si dose at
energy of 40 keV followed by 600 °C, 60 s activation anneal
in N2. After a patterned buffered-oxide-etch of the field oxide
from the channel region and a deionized water rinse, the
surface was cleaned with a room temperature soaking in 10%
�NH4�2S solution for 10 min. Approximately 10 nm of
atomic layer deposited �ALD� HfO2 gate oxide was depos-
ited using tetrakis-dimethylamido-hafnium and H2O precur-
sors at 250 °C followed by a postdeposition anneal �500 °C,
60 s in N2�. Pd gate metal was deposited using e-beam
evaporation and patterned using a lift off process. The S/D
contacts were formed using e-beam evaporation of a Ni/
Ge/Au metal stack. A 350 °C rapid thermal anneal �RTA� for
30 s in N2 was used as the final postmetal anneal.

Figure 1�a� shows the comparison of source current-gate
voltage �Is-VG� characteristics of In0.53Ga0.47As MOSFETs as
a function of Na. A strong dependence of the drive current on
Na is observed. The decrease in drive current with increasing
Na is generally attributed to the increased impurity scattering
yielding reduced carrier mobility. The defect density at the
HfO2 / In0.53Ga0.47As interface was measured using the sub-
threshold slope corrected for peripheral leakage �SS�, charge
pumping, and pulsed current-voltage hysteresis.15 The results
indicate that the defect density is independent of substrate
doping �SS�150 mV /decade, Dit�1�1013 cm−2 eV−1,
oxide bulk trap density of �3�1012 cm−2�. The device
threshold voltage �Vt� was experimentally determined by lin-
early extrapolating the Is-VG curves at the peak transconduc-
tance. Figure 1�b� shows both the experimental �star symbol�a�Electronic mail: eric.vogel@utdallas.edu.
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and modeled �circle and line� Vt as a function of Na. The
modeled Vt was calculated using,

Vt = �ms + 2�b +
�2�sqNa�2�b�

Cox
, �1�

where �ms is the metal-semiconductor workfunction differ-
ence, �b is the semiconductor bulk potential calculated self-
consistently using Poisson’s equation,16 �s is the semicon-
ductor dielectric constant, and Cox is the oxide capacitance.
The modeled Vt were calculated assuming zero oxide and
interface state charge and show good agreement with the
experimental values. Given the high Dit, the theoretical Vt
fits the experimental data surprisingly well. The results
indicate the fixed charge density is small and the interface
traps are donorlike �neutral near threshold� as suggested
elsewhere.17

According to Gauss’ law, the electric field experienced
by an electron at any point x, �0�x�xi� within the inver-
sion layer can be expressed as,

E�x� =
Ndpl

�s
+

q

�s
�

x

xi

ninv�z�dz , �2�

where ninv�z� is the inversion carrier density along an axis
normal to the semiconductor surface, and Ndpl is the calcu-
lated depletion charge density.8–10 It is well known that the
inversion electron distribution has a Gaussian-like profile
with a peak below the semiconductor surface due to quanti-
zation effects. Therefore, an average electric field which gov-

erns the transport of the total inversion carrier density �Ninv�
can be described by:

E�x� =
1

�s
�Ndpl + 	Ninv� , �3�

where 	 is a fitting parameter which should depend only on
the band structure of the semiconductor �i.e., the details of
the electron distribution in space and energy�. The value of 	
does not depend on Na, back bias voltage �VCB�, or details of
the gate dielectric processing but only on the band structure
of the semiconductor. However, changing the bandstructure
of the material through strain, use of buried channels or use
of semiconductor-on-insulator structures can result in a dif-
ferent value for 	.18

Following the methodology described in Ref. 8, back
bias voltages were applied during the Is-VG measurements to
modulate the relative magnitude of Ndpl and Ninv. The effec-
tive mobility limited by phonons and surface roughness �mo-
bility at moderate to high electric field� depends only on the
Eef f and not on the relative magnitude of Ndpl or Ninv. There-
fore, modifying VCB allows for the independent determina-
tion of 	. An increase in 	VCB	 will increase the depletion
region width under the inverted region. For a constant gate to
channel voltage, the total gate charge will remain unchanged.
As the gate charge remains same, and more ionized acceptor
atoms are available in the depletion region to contribute to
the balancing action, fewer electrons are needed in the inver-
sion layer. Figure 2 shows the Is and transconductance �gm�
versus VG characteristics of an In0.53Ga0.47As device as a
function of VCB. With the increase in the 	VCB	, Ninv de-
creases resulting in less screening of Coulombic scattering
centers and a concomitant decrease in drive current and peak
gm. Figure 3 shows the extracted mobility versus the electric
field for the devices shown in Fig. 2. The �ef f versus Eef f
was calculated from Is-VG, with Ninv and Ndpl extracted from
fitting of gate-channel capacitance measurements corrected
for the interface trap response as described in detail in Ref.
19. The Eef f was calculated using Eq. �3� for three different
values of 	�=1.0,0.5,0.25�. Figure 3�c� shows that the �ef f

curves converge at moderate to high field when plotted as a
function of Eef f calculated with 	=0.25. The same mobility
data when plotted as a function of the Esurface �	=1� and Eef f

�	=0.5� yields three separate curves in Figs. 3�a� and 3�b�,
respectively. As the mobility at moderate to high field should
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depend only on Eef f and not the relative magnitude of Ndpl
and Ninv, 	=0.25
 .05 is the correct value for these
In0.53Ga0.47As surface channel MOSFETs.

Figure 4 shows the Eef f �calculated with 	=0.25� depen-
dences of �ef f at 300 and 77 K for the various substrate
doping concentrations. These results show that �ef f plotted
against the Eef f �calculated with 	=0.25� is independent of
Na. The use of other values for 	 does not result in a con-
vergence of mobility for different Na. At moderate to high
field, the free inversion electrons screen the dopants and the
total mobility should be limited only by phonons and surface
roughness. As the oxide charge density is similar as a func-
tion of doping and assuming similar surface roughness, the
total mobility at the same Eef f should be independent of sub-
strate doping. The results confirm the Eef f model determined
using the back bias measurements. The inversion layer
charge centroid depends inversely on the effective mass of
the semiconductor. For a given inversion carrier density, a
deeper charge centroid will result in a lower Eef f for the
average inversion carrier. Therefore, a lower value of 	 for

In0.53Ga0.47As compared to the silicon value of 	=0.5 is con-
sistent with the lower effective mass of In0.53Ga0.47As.

In summary, the dependence of mobility on substrate
doping and the dependence of mobility on back bias have
both shown that 	=0.25
0.05 results in �ef f versus Eeff
independent of substrate doping and back bias at moderate to
high Eef f. This value of 	 is consistent with the inversion
layer charge centroid expected for In0.53Ga0.47As.
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