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Effective mobility measurements have been made at 4.2 K on high performance high-k gated
germanium p-type metal-oxide-semiconductor field effect transistors with a range of Ge/gate
dielectric interface state densities. The mobility is successfully modelled by assuming surface
roughness and interface charge scattering at the SiO2 interlayer/Ge interface. The deduced interface
charge density is approximately equal to the values obtained from the threshold voltage and
subthreshold slope measurements on each device. A hydrogen anneal reduces both the interface state
density and the surface root mean square roughness by 20%. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2828134�

Germanium is a promising channel material for future
complimentary metal oxide semiconductor �MOS� primarily
due to its lower effective carrier masses compared to those of
silicon, which gives it higher electron and hole mobilities.
Also, Ge-pMOS devices have been reported which have mo-
bilities well in excess of those given by the silicon universal
mobility curve.1,2 Germanium lacks a stable natural oxide
and therefore prior to the deposition of the gate dielectric, the
Ge surface must first be passivated. Many combinations of
dielectric and surface passivation have been attempted and
the result is often a multilayered gate insulator consisting of
the passivating gate oxide at the channel interface and high-
k dielectric on top of this.1–4

The performance of a metal-oxide-semiconductor field-
effect transistor MOSFET is highly dependent on fixed
charges at the interface and interface roughness which, in
addition to phonons, scatter carriers. Often, the mobility in
the inversion layer and therefore the device performance is
limited by the quality of the interface as much as the prop-
erties of the channel material.

Ge-pMOS devices were fabricated in a Si-compatible
process flow on 200 mm in diameter �100� silicon wafers
with thick Ge layers on the surface grown by chemical vapor
deposition. The high-k dielectric is hafnium oxide with a
subnanometer Si layer as a surface passivation which is par-
tially oxidized before high-k deposition and results in an
overall equivalent oxide thickness of 18 Å. A process listing
and detailed room temperature characteristics have been re-
ported elsewhere1 and of particular note are the high peak
mobility of 358 cm2 V−1 s−1 and the variability of devices
across a given wafer due to interface state density. Devices in
this study were selected to have a high density of interface
states, �Dit�2�1012 eV−1 cm−2� and hence do not perform

as well as those devices previously reported.1 The interface
states have been reported1 to have the effect of reducing the
peak transconductance and inducing a large negative thresh-
old voltage shift �Vt from the value obtained for a more
ideal device �Dit�1011 eV−1 cm−2�. A hydrogen anneal per-
formed on some devices has been reported to improve uni-
formity and increase mobility.1

Drain current–gate voltage measurements have been
performed at room temperature on many devices with a
drain bias of Vd=−50 mV and the threshold voltage �Vt�,
subthreshold slope, and peak field effect mobility �FE �deter-
mined from the peak transconductance5� extracted. It is as-
sumed here that Qinv�Vg�=Cox�Vg−Vt� is a valid approxima-
tion for the inversion charge as a function of gate voltage
Qinv�Vg�.

It is suggested that donorlike interface states are respon-
sible for threshold voltage shifts by acting as a source of
oxide charge as the device turns on and these charges in-
crease Coulomb scattering of carriers in the channel, thus
reducing the mobility �. These two separate effects arising
from the same charges near the channel should be related by
�Vt��Dit and �−1=�C

−1+�ph
−1+�SR

−1 ��C
−1�Dit. The second

expression simply relates the total mobility � to those lim-
ited by Coulomb scattering �C, phonon scattering �ph, and
surface roughness scattering �SR using Mathiessen’s rule. �C

is inversely proportional to the number of charged scattering
sites. Hence, where Coulomb scattering is present, the value
of �−1 should contain a term proportional to threshold volt-
age shift. This predicted relationship between the threshold
voltage and mobility is clearly demonstrated in Fig. 1 for
many devices. Note the improvement in both mobility and
uniformity due to the post metallization annealing �hydrogen
ambient at 400 °C�. The annealed devices have higher mo-
bilities than the unannealed devices for the same Dit, which
suggests that another contributing scattering mechanism is
reduced. As the phonon scattering is a property that is not
altered by a hydrogen annealing, it is most likely that a re-
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duction in the surface roughness is the cause of the improved
mobility.

The average value of Dit present in the band gap between
the midgap and near the valence band edge was extracted for
the devices, by comparing threshold voltages5 with that of a
device with low Dit. A value of Dit present at a specific
energy in the band gap has also been extracted for each de-
vice from the subthreshold slope.5 As shown in Fig. 2, the
two deduced values of Dit agree over the distribution of de-
vices with the average value consistently slightly higher.
Charge pumping measurements were performed on a limited
number of devices and gave a range in Dit values of
1012–5�1013 eV−1 cm−2, which is consistent with the values
extracted above.

Three devices from the non-hydrogen annealed group
�labeled as D� and two devices from the hydrogen annealed
group �labeled as H� were selected for further investigation
and assigned a Dit value accordingly �Table I�. They are
cooled in an environmental probe station to 4.2 K where
phonon scattering is eliminated.6 Inversion charge carrier
sheet density ns and depletion charge sheet density ND are
calculated from split C-V measurements performed at
10 KHz using a HP 4284A precision LCR meter. Device

transfer characteristics are measured at Vd=−50 mV, and
corrections are then made for series resistance and a diffu-
sion current7 contribution in order to obtain the effective mo-
bility as a function of Eeff �Figs. 3�a� and 3�b��.8

The effective mobility at high vertical fields varies as
Eeff

−1, which is closely similar to the behavior seen in
Si-p �MOSFETs�, and which is associated with scattering
from the roughness at the SiO2 /Si interface. We will there-
fore use the following model to analyze the present data.

The interface charge limited mobility �C and the inter-
face roughness limited mobility �SR may be expressed as
functions of ns in the forms9–11

�C =
e�ns

�m*EFni
�F�2KF��1 − G�2KF�� + �2KF/qs�

Fi�2KF� �2

, �1�

FIG. 1. Decreasing peak field effect mobility with negative threshold volt-
age shift due to interface states.

FIG. 2. Comparison of Dit extracted from two different techniques, one
using the subthreshold slope and the other using the threshold voltage of a
given MOSFET.

TABLE I. Extracted interface state density Dit, fitting parameters of inter-
face charge density ni, and rms surface roughness � for each MOSFET.

MOSFET

Dit�1013

�eV−1 cm−2�
�±0.5�

ni�1013

�cm−2�
�±0.5�

�

�nm�
�±0.03�

D1 3.1 2.6 0.62
D2 3.8 3.5 0.58
D3 5.8 5.5 0.65
H1 2.6 1.5 0.48
H2 0.6 0.7 0.48

FIG. 3. Measured mobility and fit obtained by summing the surface rough-
ness limited mobility and Coulomb scattering limited mobility using
Mathiessen’s rule for MOSFETs D1 �a� and H2 �b�.
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�SR = 0.48
e�

m*�2�2KF
4EF

�1 +
2ND

ns
	−2

��F�2KF��1 − G�2KF�� +
2KF

qs
�2

, �2�

where EF is the Fermi energy with corresponding Fermi-
wave vector KF, F�2KF� and Fi�2KF� are form factors;9 the
local field Hubbard correction G�2KF� is evaluated as 0.447.
The surface roughness correlation length � is put equal to
the reciprocal of KF, since this corresponds to the condition
of maximum scattering. The best fit for each mobility curve
is obtained by combining the two contributions using
Mathiessen’s rule and adjusting the number of impurities per
unit area ni at the interface and rms surface roughness �
accordingly. Band nonparabolicity and anisotropy are ne-
glected and a heavy-hole effective mass m*=0.3m0 is used.
It is assumed that the confinement splits the heavy-hole and
light-hole bands, with the heavy hole lying lowest.

Our calculations show that the gas is degenerate and that
there is a single subband occupancy, since EF−E0	kT and
E1−E0�EF−E0. EF�ns� ranges from 10 to 180 meV and
E1�ns� from 40 to 200 meV. Note that EF is the Fermi en-
ergy and En is the potential energy of the nth subband with
n=0 as the lowest subband.

Depletion charge sheet density ND is calculated as a
function of gate voltage from the gate-body branch of the
split C-V curve for each device. This does not vary signifi-
cantly between devices and has a maximum value of 1.1
�1016 m−2 in strong inversion.

The fits of ��Eeff� obtained for each device agree well
with the measured effective mobility over the entire applied
effective field. Parameters for each device are given in Table
I and of note is that the value of ni used to obtain the mobil-
ity fit is comparable to the extracted value of Dit of each
device, suggesting that the theoretical calculations of mobil-
ity in the channel are valid.

Before postmetallization annealing, the average rms
surface roughness deduced is 0.62±0.03 nm and after
0.48±0.03 nm which is a reduction of �20%, and which has
a large effect on the mobility at high values of Eeff where the

carriers are confined closely to the interface. Also, interface
charge density is reduced by approximately 3�1013 cm−2.
This supports the hypothesis that both reduced interface
charge density and surface roughness are responsible for the
improved peak mobilities of hydrogen annealed devices at
room temperature in Fig. 1. In the mobility curves at 4.2 K
shown in Fig. 3, the peak effective mobility in the hydrogen
annealed device H2 is roughly double that in the unnan-
nealed device D1 at 694 cm2 V−1 s−1.

In summary, mobility has been extracted at 4.2 K on
Ge-pMOS devices and successfully modeled by making suit-
able approximations. The mobility increases after a postmet-
allization hydrogen annealing. We show for the first time that
this can be explained as being due to a diminution of both
surface roughness of the gate dielectric-germanium interface
and the interface state density. Reducing surface roughness
scattering has been identified as a critical objective for en-
abling germanium MOSFETs in the deep sub-100 nm
regime.12

1P. Zimmerman, G. Nicholas, B. De Jaeger, B. Kaczer, A. Stesmans, L.-A.
Ragnarsson, D. Brunco, F. Leys, M. Caymax, G. Winderickx, K.
Opsomer, M. Meuris, and M. Heyns, Tech. Dig. - Int. Electron Devices
Meet. 2006, 26.1.

2K. Saraswat, C. Chui, T. Krishnamohan, D. Kim, A. Nayfeh, and A. Pethe,
Mater. Sci. Eng., B 135, 242 �2006�.

3C. Cheng, C. Chien, G. Luo, C. Yang, M. Kuo, J. Lin, C. Tseng, and C.
Chang, J. Electrochem. Soc. 154, G155 �2007�.

4G. Nicholas, D. Brunco, A. Dimoulas, J. Van Steenbergen, F. Bellenger,
M. Houssa, M. Caymax, M. Meuris, Y. Panayiotatos, and A. Sotiropoulos,
IEEE Electron Device Lett. 54, 1425 �2007�.

5D. Schroder, Semiconductor Material and Device Characterization
�Wiley, New Jersey, 2006�, p. 360.

6L. Yang, J. Watling, F. Adam-Lema, A. Asenov, and J. Barker, Tech. Dig.
- Int. Electron Devices Meet. 2004, 597.

7C. Sodini, T. EkStedt, and J. Moll, Solid-State Electron. 25, 833 �1982�.
8J. Koomen, Solid-State Electron. 16, 801 �1973�.
9A. Gold and V. Dolgopolov, Phys. Rev. B 33, 1076 �1986�.

10C. Emeleus, T. Whall, D. Smith, F. Kubiak, E. Parker, and M. Kearney, J.
Appl. Phys. 73, 3852 �1993�.

11D. Leadley, M. Kearney, A. Horrell, H. Fisher, L. Risch, E. Parker, and T.
Whall, Semicond. Sci. Technol. 17, 708 �2002�.

12G. Du, X. Y. Liu, Z. L. Xia, Y. K. Wang, D. Q. Hou, J. F. Kang, and R. Q.
Han, Jpn. J. Appl. Phys., Part 1 44, 2195 �2005�.

263512-3 Beer et al. Appl. Phys. Lett. 91, 263512 �2007�

Downloaded 01 Jul 2009 to 137.205.202.8. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp


	ADP6E.tmp
	University of Warwick institutional repository: http://go.warwick.ac.uk/wrap


