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We report on a method to quantitatively measure the local energy distribution of surface states density within
the band gap of semiconductors using Kelvin probe force microscopy. The method is based on measuring the
contact potential difference of a cross-sectional pn junction; as the tip scans the junction surface, the surface
states population changes, thus modifying the measured local surface band bending. The energy distribution is
then obtained by fitting the calculated surface potential to the measured contact potential difference. The
method is applied to p++n and n++p Si �110� surfaces and p++n InP �110� surfaces measured under different
environments. The results are compared to data obtained by theoretical models and other experimental
methods.

DOI: 10.1103/PhysRevB.73.035336 PACS number�s�: 73.20.At

I. INTRODUCTION

The electronic properties of semiconductor surfaces are
determined by the surface states energy distribution, NSS�E�,
within their bandgap. This distribution is essential in deter-
mining the properties of semiconductor junctions,1 the phe-
nomenon of Fermi level pinning, surface recombination, and
passivation,2,3 molecules adsorption,4 leakage current in
metal-oxide-semiconductor �MOS� transistors,5 and more. In
addition, the importance of contacts in molecular
electronics,6 suggests that semiconductor electrodes may
play an important role,7 thus the knowledge of the surface
states distribution is crucial in determining the charge trans-
fer processes and the current in such devices.

Widely used methods to measure the surface states energy
distribution are photoemission spectroscopy �PES� and
angle-resolved PES.8 Interface states energy distribution is
measured using capacitance-voltage �C-V� method,9 where
the capacitance of a metal-insulator-semiconductor �MIS�
structure is measured as a function of metal bias. The C-V
method requires a top contact, thus measuring of bare sur-
faces �i.e., surface versus interface states� is impossible. L.
Kronik et al. have suggested a contactless method to mea-
sure the energy distribution of surface states using surface
photovoltage spectroscopy �SPS� with a tunable laser as the
excitation source.10,11

In recent years the knowledge of the surface states energy
distribution and density is crucial in order to accurately
quantify two-dimensional carrier profiling with high spatial
resolution using scanning capacitance microscopy
�SCM�12,13 and scanning spreading resistance microscopy
�SSRM�.14 When the surface states concentration approaches
the area dopant concentration at the surface, the measured
capacitance and/or resistance is governed by the charged sur-
face states rather than the dopant concentration. In addition,
the physics and performance of mesoscopic and nanoscale
devices are largely affected by surface states, so their accu-
rate determination with high spatial resolution is necessary.

All the above methods �and others not mentioned here�
share a common drawback: they have low spatial resolution.

Scanning tunneling microscopy �STM� has been widely used
in the last decade to measure local density of surface states,15

but it requires sufficiently high tunneling currents.
We present here a contactless method, based on Kelvin

probe force microscopy �KPFM�, to measure surface states
energy distribution with high lateral resolution and with very
high sensitivity ��1�109 cm−2 eV−1�, applicable to semi-
conductors with a wide range of electrical conductivity. We
apply the method to abundant semiconductors �whose sur-
face properties are of great importance� such as oxidized Si
�110� surface, and InP �110� cleaved under nitrogen and
ultra-high vacuum �UHV� conditions, and discuss the KPFM
method and the surface states distributions in comparison to
data obtained by other methods.

II. MEASURING THE LOCAL SURFACE STATES
DISTRIBUTION USING KPFM

The surface states energy distribution can be obtained by
measuring the local band bending as the Fermi level position
relative to one of the bands is changed. This is similar to
C-V measurements where the change in interface trap charge
density is measured as the surface band bending is varied.
The change in the Fermi level position may be achieved by
one of the following ways: temperature change, external
bias, and change in doping concentration.

The method used in the present work is based on measur-
ing the contact potential difference �CPD� of a cross-
sectional pn junction using KPFM as shown schematically in
Fig. 1. As the tip scans the junction surface, the surface states
population changes, thus changing the local surface band
bending measured by the KPFM. The surface states energy
distribution is then obtained by equating the position deriva-
tive of the surface and the space charge region �SCR�
charges �QSS and QSC, respectively� as shown in detail
below.

The total surface charge is given by the following
well-known expression:

PHYSICAL REVIEW B 73, 035336 �2006�

1098-0121/2006/73�3�/035336�7�/$23.00 ©2006 The American Physical Society035336-1

http://dx.doi.org/10.1103/PhysRevB.73.035336


QSS = q�Nt
D�

−�

�

NSS
D �Et��1 − f�Et,V��dEt

− Nt
A�

−�

�

NSS
A �Et�f�Et,V�dEt� , �1�

where NSS
D�NSS

A� is the donor �acceptor� states energy dis-
tribution, Nt

D�Nt
A� is the donor �acceptor� surface states den-

sity, Et is the state energy relative to the valence band maxi-
mum, EV �defined as zero potential energy�, when the bands
are flat, and q is the electron charge.

The Fermi-Dirac distribution function f�Et ,V� is given by

f�Et,V� =
1

1 + exp�Et − Ef − qVS + qVjunc

kT
� , �2�

where EF denotes the Fermi level, VS is the surface band
bending, Vjunc is the potential in the bulk relative to its value
at the low-doped side of the junction, T is the temperature,
and k is the Boltzmann constant. Since the surface state oc-
cupation changes as the tip scans along the x direction, we
calculate the derivative of Eq. �1� with respect to position, x,
as
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After inserting the expression for df /dx in Eq. �3� and rear-
ranging terms we obtain
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where Vt is the thermal voltage and S is defined by

S�Et − EF − qVS + qVjunc

kT
�

=

exp�Et − EF − qVS + qVjunc

kT
�

�1 + exp�Et − EF − qVS + qVjunc

kT
�	2 . �5�

When the full width at half maximum �FWHM� of S is much
narrower relative to that of NSS�E�, it can be approximated
by the Dirac � function and the integrals in Eq. �4� can be
solved analytically to give

dQSS

dx
=

qkT

Vt
· �dVjunc

dx
−

dVS

dx
��Nt

DNSS
D �E� + Nt

ANSS
A �E�� ,

�6�

where E
EF+qVS−qVjunc.
The surface states energy distribution is then obtained by

equating the surface and SCR charge position derivatives:

dQSS

dx
= −

dQSC

dx
. �7�

By using Eq. �6� and rearranging terms, the total surface
states energy distribution is obtained in the form

Nt
DNSS

D �E� + Nt
ANSS

A �E� =

−
dQSC

dx

qkT

Vt
�dVjunc

dx
−

dVS
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VS and QSC �and their position derivatives� are extracted
from fitting the calculated surface potential to the measured
CPD, and Vjunc is obtained from calculating the bulk built-in
potential based on the doping concentration �measured by
secondary ion mass spectroscopy �SIMS��. Calculating
NSS�E� using Eq. �8� is done in two steps. In the first step,
NSS�E� is found by using QSC as a fitting parameter to fit the
calculated surface potential to the measured CPD, but since
the calculation is not self-consistent,16 an additional iteration
is performed in which the initial NSS�E� is used to fit the
calculated surface potential to the measured CPD self-
consistently, and the final NSS�E� is obtained by using QSC,
calculated in the second step. The other values appearing in
Eq. �8� are found as discussed above.

The surface charge, QSS, state energy, Et, and the surface
band bending, VS, are interrelated through the Fermi-Dirac
distribution function �Eq. �2��, therefore a key factor in the
above derivation is the knowledge of VS at each point on the
surface.17 Figure 2�a� shows the calculated 2D potential dis-
tribution of a symmetric Si pn junction �dopant concentra-
tion of 1�1017 cm−3 with a density of 1�1012 cm−2

�5�1012 cm−2� of donor �acceptor� type states located at en-
ergy of 0.7 eV�0.8 eV� above EV�. The lower junction
built-in potential on the surface, Vbi

S, compared with the
built-in potential in the bulk, Vbi

b, shown at the “back” of the
figure, is due to charged surface states; surface states trap

FIG. 1. Schematic description of the surface states energy dis-
tribution measurement using KPFM. As the tip scans the junction
surface �inset�, the surface states population changes, and the result-
ing change in local band bending is measured by the KPFM.
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holes �electrons� on the cleaved surface of the p�n� side of
the junction, creating depletion-type band bending opposite
in sign on each side of the junction. Thus the bands will bend
up �down� in the n�p� doped region, with the net result being
a reduction of Vbi

S �relative to Vbi
b�. In the case of an asym-

metric diode shown in Fig. 2�b� �with a density of
7.7�1011 cm−2�3.2�1012 cm−2� of donor �acceptor� type
states located at energy of 0.6 eV�0.336 eV� above EV�, the
degenerate side of the junction serves as a potential reference
since the band bending on this side is negligible. VS is then
determined as the difference between the calculated bulk po-
tential and the �simulated and fitted to the measured CPD�
surface potential, calculated from a 2D numerical solution of
Poisson and Laplace equations for a semiconductor-vacuum
system.

The KPFM measurements were conducted using two dif-
ferent systems: �a� a commercial atomic force microscope
�Autoprobe CP, Veeco, Inc.� operating in the noncontact
mode �based on a setup described previously18� inside a
home-built Nitrogen containing glove box ��2 ppm relative
humidity� and �b� ultra-high vacuum �UHV� AFM �VT
AFM, Omicron Inc.� operated at p�10−10 mbar. In this sys-
tem the KPFM is measured in the AM mode at the second
cantilever resonance frequency as was described in detail in
the past.19

III. RESULTS

A. Si (110) surface

The surface states distribution of a polished and oxidized
p++n Si junction �110� �p-type B-doped implant with a maxi-
mum dopant concentration of �1.75�1020 cm−3 on an
n-type As-doped substrate with a dopant concentration of
�2.9�1014 cm−3�, obtained according to the procedure de-
scribed above, is shown by the dashed line in Fig. 3�b�. This
distribution is then used to calculate the surface potential; the
result is shown by the dashed line in Fig. 3�a�. The large
difference relative to the measured �under Nitrogen environ-
ment� CPD profile is because the energy interval for which
NSS�E� is obtained is less than the band gap as will be ex-
plained in some detail below. In order to obtain the distribu-
tion in a wider energy range, we use an iterative process in
which we add another Gaussian distribution of the form
NSS�E�=Nt exp�−0.5��E−E0� /��2
 �where Nt is the surface
states density at the peak energy, E0, � is related to the curve
width, and all energies are relative to EV� to the surface
states distribution already obtained, and calculate the surface
potential until a good fit like the one shown by the solid line
in Fig. 3�a� is obtained; the distribution shown in Fig. 3�b� by
the solid line is the part of NSS�E� resulting from this itera-
tive procedure.

FIG. 2. �Color online� Calculated 2D potential distribution of �a�
a symmetric Si pn junction and �b� a p++n Si junction showing the
effect of the doping concentration on the surface band bending.
Zero band bending is observed on the degenerate part of the junc-
tion �front right side in �b��.

FIG. 3. �a� CPD measured under nitrogen environment ��� and
initially calculated �dashed line� surface potential of a p++n Si junc-
tion; the solid line is a best fit based on the modified distribution.
See text for details. �b� Complete surface states distribution of the
low-doped side of the junction, obtained from the fit �solid line� in
�a�. The acceptor part of the distribution was initially obtained using
Eq. �8�.
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The assignment of the surface states type �donor or accep-
tor� is based on the following argument. Since the low-doped
n side of the junction has a depletion-type band bending �due
to the lower surface built-in voltage relative to the bulk�, it is
most likely due to negative surface charge resulting from
acceptor-type states located below the surface Fermi level
��0.39 eV above EV�. However, as shown above, calculating
the surface potential using the initially obtained surface
states distribution �dashed line in Fig. 3�b�� resulted in a
lower built-in surface voltage relative to the measured CPD
due to an excess negative surface charge. Therefore a Gauss-
ian distribution of donor-type surface states located above
the Fermi level �contributing a positive charge� was required
in order to fit the measured CPD. The final distribution,
shown in Fig. 3�b�, is composed of acceptor states �dashed
line� with a peak density of 1.65�1012 cm−2 at energy of
0.21 eV above EV, and donor states �solid line� with a peak
density of 2.77�1012 cm−2 at energy of 0.6 eV and FWHM
of 0.07 eV.

It is important to compare the surface states distribution
obtained here for the oxidized Si �110� with previously re-
ported data. Flietner20 has reported on several calculated sur-
face states distributions at the Si/SiO2 interface: the PL and
PH distributions of extrinsic donor-type states with FWHM
of 0.12 and 0.08 eV located 0.4 and 0.7 eV above EV, re-
spectively, and the UM distribution extending over most the
band gap, with a lower �upper� donor �acceptor�-type intrin-
sic states. Apart from the states type of the low-energy peak
of UM, this is in very good agreement with our result; the
low-energy peak of UM is located 0.2 eV above EV with a
density of �2.5�1012 cm−2 eV−1 and the PH peak is located
0.7 eV above EV with a density of �1�1012 cm−2 eV−1.
Füssel et al.21 have attributed the UM, PL, and PH distribu-
tions to dangling bond defect centers of the character
Si3−xOx-Si. Poindexter et al. have also reported on interface
states peaks located at similar bandgap energies.22 The well-
known U shape distribution resulting from intrinsic surface
states with donor �acceptor�-type states located at the lower
�upper� half of the band gap cannot be observed in our mea-
surements, because the energy interval of the obtained distri-
bution is less than the energy gap �see the discussion below�.

Figure 4�a� shows the measured CPD �symbols� and cal-
culated �solid line� surface potential of a n++p Si diode �110�
�n-type As-doped implanted buried layer with a maximum
dopant concentration of �5.45�1019 cm−3 on a p-type
B-doped substrate with a dopant concentration of
�3�1015 cm−3� cleaved and immersed in a 10% HF solu-
tion for a period of 15 min prior to measurement under ni-
trogen environment. The final distribution, shown in Fig.
4�b�, is composed of an approximately rectangular donor
states �dashed line� distribution with a peak density of
�5.28�1011 cm−2 at an energy of �0.94 eV above EV and a
Gaussian distribution of acceptor states �solid line� with a
peak density of 1�1010 cm−2 at an energy of 0.4 eV and
FWHM of �0.12 eV. Comparing our results to the calcula-
tion of Flietner20 shows �as in the case of the p++n junction�
agreement with the PL distribution �peak energy location
and FWHM� and the upper peak of the UM distribution

located �0.9 eV above EV with a peak density of
�1.2�1012 cm−2.

B. InP (110) surface

Figure 5�a� shows the measured CPD �symbols� and cal-
culated surface potential �solid line� of a p++n InP junction
cleaved under nitrogen environment, and the measured CPD
of the same structure cleaved inside UHV. The InP sample
was grown by a compact metalorganic molecular beam epi-
taxy similar to the system described before.23 Beryllium
served as the p-type dopant with a dopant concentration of
�4.5�1018 cm−3, and the n-type layer was Sn doped with a
dopant concentration of �5.3�1015 cm−3. Figure 5�b�
shows the complete surface states energy distribution of the
InP surface measured under nitrogen environment, obtained
by fitting the result of the direct calculation �symbols�
using Gaussian distributions. The acceptor-type distribution
�solid line� is a sum of two Gaussian curves with
Nt=2.47�1012 cm−2, E0=0.586 eV, and �=0.086 eV
��=0.028 eV� for the lower �upper� part of the distribution.
The donor part of the distribution �dashed line� is a
Gaussian curve with Nt=3.8�1012 cm−2, E0=0.615 eV, and
�=0.014 eV. Figure 5�c� shows the surface states energy
distribution obtained from the direct calculation �Eq. �8�� for
the InP sample cleaved and measured inside UHV. The lower
�upper� part of the distribution is an acceptor �donor�-type
states with Nt=6.12�1011 cm−2 �Nt=8.1�1011 cm−2� at en-
ergy of 0.21 eV�0.68 eV� and the so-called charge neutrality
level is located at �0.51 eV. The main differences relative to
the results obtained under nitrogen environment are the peak

FIG. 4. �a� CPD measured under nitrogen environment ��� and
calculated �solid line� surface potential of a n++p Si junction. �b�
Complete surface states distribution of the low-doped side of the
junction, obtained from the fit �solid line� in �a�.
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energy location �peak density� of the acceptor type states,
0.586 eV�2.47�1012 cm−2� vs. 0.21 eV�6.12�1011 cm−2�
for the InP measured under nitrogen and UHV distributions,
respectively. On the other hand, the donor-type states distri-
bution peaks are located at similar energies, 0.615 and
0.68 eV for the glove box and UHV distributions, respec-
tively. This similarity indicates that adding another peak to
the distribution obtained from the direct calculation in order
to fit the surface potential (the donor part of the glove box
distribution �dashed line of Fig. 5�b��) enables us to extend
the states distribution energy interval and obtain similar re-
sults to the direct calculation (the donor part of the UHV
distribution �upper peak of the distribution in Fig. 5�c��),
which is unambiguously determined by Eq. �8�. The differ-
ences between the two donor distributions �width and peak
density� may result from the approximation made in solving

the integrals of Eq. �4� as explained below, therefore these
parameters are not taken into account in the comparison.

Previously reported data on surface states energy distribu-
tion of InP surfaces show some agreement with our results.
Shapira et al.24 reported on a single surface state located at
0.2 eV for n-InP �110� sample cleaved and measured under
UHV. Burstein et al.25 obtained the same result for an un-
doped InP �100� sample and attributed it to residual impuri-
ties. These results �state type and energy location�, obtained
by SPS measurements, are in excellent agreement with the
low-energy peak of the UHV distribution �0.2 eV�. Ahaitouf
et al.26 reported on a continuous state distribution at the up-
per half of the band gap of a �100� n-InP with a peak density
of 4.5�1012 cm−2 eV−1 located at 0.79 eV, which is 0.11 eV
higher than the donor peak energy location of the UHV mea-
sured distribution �0.68 eV�.

IV. DISCUSSION

Figure 6 shows the calculated bulk �solid line� and surface
�dashed line� band structure of a p++n Si structure �the sur-
face valence band is omitted for clarity� with an arbitrary
surface states distribution located inside the band gap. Since
one side of the junction is low doped and due to the fact that
the surface band bending reduces the built in surface poten-
tial, only part of the surface states energy distribution is mea-
sured. This is illustrated in Fig. 6 by the fact that as the tip
moves across the junction, EF “scans” a wider energy range
of the states distribution in the case of small �insignificant in
the figure� band bending �solid line� relative to the case of a
larger surface band bending �dashed line�. Hence, only a part
of the distribution �black filled area under the distribution
curve� crosses EF, i.e., from the low-energy end of the dis-
tribution up to the intersection with the Fermi level �in the
case of a p++n sample�; the other part, from the intersection
with EF up to the high-energy end, remains above EF and
therefore is not measured and the result of the analysis based

FIG. 5. �a� Measured CPD ��� and calculated surface potential
�solid line� of a p++n InP junction cleaved under nitrogen environ-
ment, and the measured CPD of the same structure cleaved inside
UHV �dashed line�. �b� Complete surface states distribution of the
low-doped side of the InP sample cleaved and measured under ni-
trogen environment. �c� Surface states energy distribution of the
low-doped side of the InP sample cleaved and measured inside
UHV.

FIG. 6. Calculated bulk �solid line� and surface �dashed line�
band structure of a p++n Si junction �the surface valence band is
omitted for clarity�. An arbitrary surface states distribution inside
the band gap is shown for three different positions as the tip scans
the junction surface, showing the reduced measured energy interval
�denoted as black filled area under the distribution curves� of the
surface states distribution �dashed line� compared to the case of
negligible band bending �solid line�.
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on Eq. �8� gives only a portion of the distribution as de-
scribed in the previous section.

The left-hand side of the expression for the surface states
distribution �Eq. �8�� is additive, indicating that the surface
states type �i.e., donor or acceptor� cannot be unambiguously
distinguished using our method. This is demonstrated in
Fig. 7, which shows two Gaussian shape surface states dis-
tributions within the band gap, located below and above the
Fermi level �dashed line�. Two possibilities have to be con-
sidered, i.e., the lower �upper� distribution is a donor �accep-
tor� type or vice versa. In the first case, the donor �acceptor�
states are all occupied �empty� and the overall surface charge
is approximately zero. Raising the Fermi level energy by �E
will populate empty acceptor states and increase the overall
negative surface charge. In the second case, the donor �ac-
ceptor� states are all empty �occupied� and the overall sur-
face charge is again nearly zero. Raising the Fermi level by
�E would populate empty donor states, reduce the positive
surface charge, and increase the overall negative surface
charge. Hence, in both cases the total surface charge be-
comes more negative as the Fermi level energy is raised,
which means that our junction scanning method cannot di-
rectly distinguish between donor- and acceptor-type surface
states in this case, and other considerations have to be taken
into account in order to determine the states type �see the
discussion above for the p++n Si junction�. On the other
hand, the nature of a single-type surface states distribution
inside the energy gap can be unambiguously determined ac-
cording to the sign of the surface band bending, i.e., upward
�downward� for acceptor- �donor� type surface states for an
n-type semiconductor.

The sensitivity of our method is demonstrated by calcu-
lating the influence of small changes of the measured CPD
�for example �20 mV� on the obtained NSS�E�. Figure 8�a�
shows the original and slightly modified surface potentials
�solid and dashed lines, respectively� of a p++n Si junction.
The original surface potential is a solution of Poisson equa-
tion, which is then modified by decreasing the built-in poten-
tial. Figure 8�b� shows the surface states distributions corre-
spond to the original and modified surface potentials �solid
and dashed lines, respectively�; these distributions are ob-
tained from the analysis based on Eq. �8� as described above.

Except from a small shift towards lower energies and minor
changes in the surface states density, the distributions ob-
tained from the modified and original surface potentials are
almost the same, showing the small effect of noise of the
measured CPD on the extracted distribution.

The error in the obtained surface states distribution has
several contributions, among them are the measurement
noise of the KPFM �typically 5 to 10 mV�; the error of the
dopant profile measured by SIMS, the truncation error of the
numerical calculation of the Poisson solver, the error in the
deconvolution of the real CPD images, and the error of ap-
proximating the derivative of the Fermi-Dirac function as a
Dirac � function. Some of the errors are doping dependent,
for example the error in the calculated surface charge on the
degenerate side of the junction is higher relative to the low-
doped side. Therefore it is very hard to estimate the error of
the obtained distribution and each case should be examined
separately; however, the most significant error �in the states
density�, which increases as the actual distribution is nar-
rower, stems from the approximation of the Fermi-Dirac dis-
tribution function as a � function, which results in a broad-
ened NSS�E� and decreased surface states density in the
vicinity of the peak energy relative to the original one. This
error can be considerably decreased, by solving the integrals
of Eq. �4� using direct numerical algorithms from the field of
inverse theory.

In conclusion, we have presented a contactless method to
measure the local energy distribution of surface states within
the band gap of semiconductors using KPFM with high

FIG. 7. Schematic description of two arbitrary surface states
distributions inside the band gap. Raising the Fermi level by �E
increases the net negative surface charge regardless of the states
type.

FIG. 8. �a� Calculated �solid line� and intentionally modified
�dashed line� surface potential of a p++n Si junction. �b� The corre-
sponding surface states distributions extracted for the two cases
demonstrate the sensitivity of our method.
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sensitivity down to 1�109 cm−2 eV−1. The method was
applied to �110� surface of Si p++n and n++p junctions
and the results were in a good agreement with reported
theoretical models and experimental results. The results ob-
tained for InP �110� surfaces, measured under nitrogen and
UHV environments, were in some agreement with surface
states distributions measured by other methods. The energy
interval of the obtained distribution was discussed and it was

shown that the results are insensitive to small variations of
the measured CPD.
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