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In Situ Measurements of Interface States at Silicon Surfaces in Fluoride Solutions
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(Received 22 June 1995)

The energetics and kinetics of processes involving interface states at silicon (111) surfaces in aque
fluoride solutions were determined usingin situ impedance spectroscopy. In the dark, we observe
electrically active surface states with densities in the range2 3 1010 to 1 3 1012 cm22 dependent on
the surface chemistry. The surface states are physically the same, independent ofpH, with a capture
cross section of1 3 10216 cm2. Measurements under illumination show that recombination occurs at
different interface states than those observed in the dark.

PACS numbers: 73.40.Mr, 72.20.Jv, 73.20.At, 82.45.+z
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In recent years there has been renewed interest in
surface properties of silicon. In particular, the decreas
feature sizes in electronic devices have highlighted
importance of wafer cleaning and surface preparati
Chemical methods are routinely used in the clean
and passivation of silicon surfaces, and many of th
processes involve immersion in HF solutions [1,2]. It w
first recognized, more than 10 years ago, that immers
of silicon in HF results in a hydrogen passivated surfa
[3] with a very low surface recombination velocity [4
More recently it has been shown that the morpholo
of hydrogen passivated silicon surfaces is depend
on crystal orientation andpH [5,6]. At low pH, the
Si(111) surface is essentially unreactive, whereas at hig
pH the etch rate for weakly coordinated Si-H2 and Si-
H3 surface sites becomes significant resulting in t
formation of large domains of ideally terminated Sis111d:
Hs1 3 1d terraces [7–10]. In order to fully exploit the
chemical and structural modification of silicon surfac
for device applications, it is desirable to havein situ
techniques to relate the surface chemistry to the electr
properties. The purpose of this Letter is twofold. Fir
we show that the energetics and kinetics of proces
involving interface states at semiconductor surfaces
be determined in an electrolyte solution. Second,
demonstrate that two types of electrically active interfa
states are present at silicon surfaces in aqueous solu
whose properties depend strongly on thepH of the
solution.

All measurements were performed onn-Sis111d sND ­
3 3 1013 cm23d. The wafers were RCA cleaned [1] an
immersed in 49 wt.% HF for 5 min prior to each expe
iment. All measurements in the dark were perform
in 1M NH4F, adjusted to the desiredpH by addition
of HF or NH4OH. For experiments under illumination
K 4Fe(CN)6 and KCl were added to the solution in orde
to stabilize the surface and minimize photocorrosion [1

Surface states at ann-type semiconductor in the dar
interact with the conduction band (CB), as shown
Fig. 1(a). If the states are energetically close to the
and interaction with the solution can be neglected,
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occupancy is determined by the position of the Fer
level at the surface. The capture of electrons from t
conduction band and thermal detrapping from the surfa
states can be described by the following equations:

SS0 1 e2sCBd k1
! SS2, (1a)

SS2 k2
! SS0 1 e2sCBd . (1b)

The impedance due to filling and emptying of the surfa
states can be calculated by considering the harmo
response to a sinusoidal voltage modulation. For a sm
modulation amplitude, the modulated density of occupi
surface states̃s2 is given by

ds̃2

dt
­ ivs̃2 ­ k1nss̃0 1 k1s0ñs 2 k2s̃2, (2)

where s̃0 is the modulated density of empty statesss̃0 ­
2s̃2d, ñs is the modulated surface electron concentratio
i ­

p
21, andv is the angular frequency. The surfac

electron concentration is described by a Boltzmann dis
bution and for a small modulation amplitude we obtain

ñs ­ 2ns
e

kT
Ũ , (3)

FIG. 1. Energy band diagrams illustrating the processes
occurring at interface states for ann-type semiconductor. (a)
Electrons in the conduction band (CB) can be trapped a
detrapped from surface states with respective rate constantk1
andk2. (b) Under illumination, free holes and electrons can b
trapped on recombination centers with rate constants deno
by kp andkn.
© 1996 The American Physical Society 1521
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where Ũ is the potential modulation. The modulate
electron flux j̃ resulting from the modulation of the
applied potential is obtained from (2) and (3),

j̃ ­
ds̃2

dt
­ 2

e
kT

k1nss0 iv
iv 1 k2 1 k1ns

Ũ . (4)

The impedance due to relaxation of the surface state
given by

Zss ­ 2
Ũ
ej̃

­
kT
e2 sk1nss0d21

√
1 1

k1ns 1 k2

iv

!
. (5)

Equation (5) shows that the surface state impedanceZss

is equivalent to a resistance in series with a capacitan
Since Zss is in parallel with the space charge laye
capacitanceCsc, it is convenient to consider an equivalen
parallel combination ofCsc with a frequency dependen
surface state capacitance,Cpsvd [12],

Cpsvd ­
e2

kT

√
k2k1ns

v2 1 sk1ns 1 k2d2

!
Nss , (6)

where Nss is the density of surface states.Cpsvd may
be evaluated experimentally by subtracting space cha
capacitance from the measured parallel capacitance.
corresponding parallel conductance obtained from t
model is equivalent to the result obtained by Nicollea
and Goetzberger [13] who used a thermodynamic mo
to determine the density of states at Si/SiO2 interfaces in
metal-oxide-semiconductor devices.

The density of surface states and the relevant rate c
stants can be determined experimentally by consider
the frequency dependence of Eq. (6). At low freque
cies, wherev2 ø sk1ns 1 k2d2, Cp exhibits a maximum
as a function of potential atk1ns ­ k2 corresponding to
an occupancy of 0.5. The capacitance at the maximu
Cpsmaxd, is related to the density of surface states by

Cpsmaxd ­
1
4

e2

kT
Nss . (7)

Figure 2 shows the measured parallel capacitance,
ter subtraction of the space charge component [14],
applied potential for ann-Sis111d surface in NH4F solu-
tion at pH4. The frequency dependence of the surfa
state capacitance, in the inset in Fig. 2, shows a platea
frequencies below 1 kHz. At frequencies above 10 kH
wherev2 ¿ sk1ns 1 k2d2, the slope approaches22, in
agreement with Eq. (6), indicating a monoenergetic s
face state. The full width at half maximum of the capa
itance peak in Fig. 2 is about 0.1 V, in good agreeme
with the predicted value of3.52kTye for a monoener-
getic surface state [15]. From the position of the pe
maximum, the surface state energy was determined to
0.38 eV below the conduction band edge.

The rate constantsk1 and k2 can be obtained by
recognizing that at the roll-off frequencyv2 ­ sk1ns 1

k2d2 and k1ns ­ k2 at the potential of the capacitanc
maximum. From Fig. 2, the rate constants for fillingsk1d
and emptyingsk2d, the surface states were determine
1522
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to be 2 3 1029 cm3 s21 and 2 3 104 s21, respectively.
From k2 the capture cross section of the surface sta
was found to be1 3 10216 cm2 [16], corresponding to
approximately a single lattice site. Values forNss, k1,
andk2 obtained from analysis of the parallel conductan
were in agreement with those obtained from the para
capacitance, confirming that both the real and imagin
components are consistent with the simple model sho
in Fig. 1(a).

Figure 3 shows the surface state density, calcula
from Eq. (7), plotted as a function ofpH. At low pH the
hydrogen passivated surface is stable, and the surface
density is about2 3 1010 cm22, in agreement with recen
in situ microwave measurements [17]. At higherpH the
surface state density increases to about1 3 1012 cm22,
characteristic of a chemically oxidized surface. Bo
the hydrogen passivated and oxide passivated surfa
were stable during extended immersion with no chan
in the density of surface states. The surface state en
was essentially independent ofpH, suggesting that the
surface states are physically the same for both hydro
passivated and oxide passivated surfaces.

The sharp increase in surface state density aroundpH7
is related to the formation of an oxide layer. At positiv
potentials and at highpH, oxide formation can no longe
be suppressed due to the low concentration of molec
HF [18]. In contrast, the hydrogen passivated surface
reported to be stable up to very highpH at the open circuit
potential [2]. These results demonstrate a limited dom
of thermodynamic stability for the hydrogen passivat
surface as a function ofpH and applied bias.

FIG. 2. The parallel surface state capacitance vs applied
tential in1M NH 4F atpH4: 31.6 Hz (D), 316 Hzs¶d, 3.16 kHz
s±d, and 31.6 kHzs=d. The inset shows the frequency depe
dence ofCp at 20.24 V (SCE). The solid line corresponds t
the predicted slope of22.
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FIG. 3. Surface state density, obtained using Eq. (7), vspH
for n-Sis111d surfaces in1M NH4F solutions.

Recombination processes were analyzed as a func
of both light intensity and band bending using phot
electrochemical impedance spectroscopy. Under illu
nation atpH9, the measured parallel capacitance exhib
two maxima, as shown in Fig. 4. The peak at20.5 V
corresponds to the surface states observed in the
and obeys the frequency dependence described in Eq.
The second peak at 0.2 V is observed only under il
mination, and the peak position, peak width, and pe
height are dependent on frequency and light intens
These features are characteristic of a surface recomb
tion process [19], as shown schematically in Fig. 1(
At high frequencies and assuming complete recombi

FIG. 4. The measured parallel capacitance vs applied
tential for n-Sis111d in 1M NH4F 1 0.1M K4FesCNd6 1
0.5M KCl at pH9 under illumination: 2.15 Hzshd, 10 Hz s¶d,
21.5 Hzs±d, 46.4 HzsDd, 100 Hzs=d, and 1000 Hzs3d. The
plateau photocurrentiph was35 mA cm22.
n
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s
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-
k
.
a-
.
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tion s jrec ­ jhd, the recombination capacitance [20], ca
culated using the same approach as for the surface st
shows a maximum as a function of potential atv ­ knns

according to

Crecsmaxd ­
e

2kT

iph

v
, (8)

where jh is the minority carrier flux andiph ­ ejh,
the photocurrent plateau at large band bending. At l
frequency,Crecsmaxd becomes independent of frequenc
and the limiting value forv ! 0 is given by

Crecsmaxdv!0 ­
4

27
e2

kT
Nrec . (9)

At high frequencies the experimental data follow Eq. (
with slopes close to the predicted value of20 V21, as
shown in the inset in Fig. 5. At low frequencies,
frequency independent maximum is observed below ab
5 Hz, and the density of recombination centersNrec can
be determined from Eq. (8). To our knowledge, th
frequency independent maximum has not been repo
previously.

Figure 5 shows the density of recombination cente
vs the plateau photocurrent atpH9. For low photocur-
rents,Nrec increases from about5 3 1011 cm22 to about
4 3 1012 cm22. The plateau value at higher light intens
ties, corresponding to a capacitance of4 mF cm22, is due
to the limit whereCrecsmaxd . CH , the Helmholtz capac-
itance, so thatCrecsmaxd can no longer be determined
These results show that the density of recombination c
ters increases with increasing light intensity, indicatin
that recombination takes place at oxidation interme
ates. Under illumination the hydrogen terminated su
face is unstable, and the surface is passivated by an o

FIG. 5. The density of recombination centersNrec vs the
plateau photocurrent densityiph [see Eq. (9)]. The inset
showsCrecsmaxd vs iphyv for iph ­ 0.94mA cm22 shd, iph ­
1.6 mA cm22 s¶d, andiph ­ 3.1 mA cm22 s±d. The solid line
shows a slope of20 V21.
1523
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layer, suggesting that the oxidation intermediates are
lated to incompletely oxidized silicon sites at the Si/Si2

interface.
The observation of a second capacitance peak u

illumination suggests that the recombination centers
physically different from the surface states measured in
dark. This was confirmed by calculating the impedance
recombination occurring at the surface states; in this c
only one capacitance peak is obtained, and the magni
of the capacitance maximum is attenuated [21]. We
therefore exclude the possibility that the same states
responsible for the two peaks observed in Fig. 4.

The rate constant for recombination can be obtai
from the capacitance peak shown in Fig. 4. From Mo
Schottky measurements, the band bending at the ca
itance maximum (21.5 Hz) was determined to be ab
0.12 eV. Making the usual assumption thatknns . kpps

(ps is the surface concentration of free holes) and ca
lating ns from the band bending and donor density, t
rate constant for recombinationkn is found to be abou
3 3 10210 cm3 s21. This value was confirmed by inten
sity modulated photocurrent spectroscopy [21]. We n
that kn is about four orders of magnitude smaller than
value reported forn-GaAs, illustrating that recombinatio
is much slower at silicon surfaces [22].

The authors gratefully acknowledge support from
National Science Foundation under Grant No. DM
9202645.

[1] W. Kern and D. A. Puotinen, RCA Review31, 187 (1970).
[2] G. S. Higashi and Y. J. Chabal, inHandbook of Semicon

ductor Wafer Cleaning Technology,edited by W. Kern
(Noyes, Park Ridge, 1994), p. 433.

[3] H. Ubara, T. Imura, and A. Hiraki, Solid State Commu
50, 673 (1984).

[4] E. Yablonovitch, D. L. Allara, C. C. Chang, T. Gmitte
and T. B. Bright, Phys. Rev. Lett.57, 249 (1986).

[5] P. Jakob, Y. J. Chabal, K. Raghavachari, R. S. Becker,
A. J. Becker, Surf. Sci.275, 407 (1992).

[6] H. E. Hessel, A. Feltz, M. Reiter, U. Memmert, and R.
Behm, Chem. Phys. Lett.186, 275 (1991).

[7] G. S. Higashi, R. S. Becker, Y.hJ. Chabal, and A
Becker, Phys. Rev. Lett.58, 1656 (1991).
1524
re-

der
re
he
or
se
de

an
are

ed
t-
ac-
ut

u-
e

te
e

e
-

.

nd

.

.

[8] R. S. Becker, G. S. Higashi, Y. J. Chabal, and A. J. Beck
Phys. Rev. Lett.65, 1917 (1990).

[9] G. W. Trucks, K. Raghavachari, G. S. Higashi, and Y.
Chabal, Phys. Rev. Lett.65, 504 (1990).

[10] Y. Morita, K. Miki, and H. Tokumoto, Appl. Phys. Lett.
59, 1347 (1991).

[11] B. H. Loo, K. W. Frese, and S. R. Morrison, Surf. Sci.109,
75 (1981).

[12] Cpsvd ­ v ImsZdys1 1 D2d where D ­ fhResZd 2

RVjy 2 ImsZdg, where RV is the high frequency series
resistance andZ is the measured impedance.

[13] E. H. Nicollean and A. Goetzberger, Bell Syst. Tech. J.46,
1055 (1967).

[14] At positive potentialssEF , Essd the impedance spectra
exhibited a single time constant (due to the impedan
of the space charge layer) over the measured freque
range (1 Hz–100 kHz); the corresponding Mott-Schott
plots were linear and virtually independent of frequen
in this potential range. At potentials close to the flatba
potential, a capacitance peak due to the surface st
was superimposed on the space charge layer capacita
The capacitance due to the surface statesDCp was
obtained by subtraction of the underlying space cha
capacitancesDCp ­ Cp 2 Cscd. In all cases,Csc was
at least one order of magnitude smaller than the l
frequency capacitance maximum.

[15] The full width at half maximum was obtained from
Eq. (6) by determining the change inns to give Cp ­
Cp (max)y2 in the low frequency limit wherev2 ­
sk1ns 1 k2d2. The FWHM, in terms of the applied bias i
3.52kTye (90 mV at room temperature).

[16] The capture cross sections was calculated from the rela
tion k2 ­ nthsNc expf2sEt 2 EcdkT g taking the thermal
velocity of electrons,nth ­ 107 cm s21, the effective den-
sity of states in the CB,Nc ­ 2.8 3 1019 cm23, and the
trap energysEt 2 Ecd ­ 0.38 eV.

[17] G. Schlichthörl and L. M. Peter, J. Electrochem. Soc.141,
L171 (1994).

[18] J. S. Judge, J. Electrochem. Soc.118, 1772 (1971).
[19] D. Vanmaekelbergh and F. Cardon, J. Phys. D19, 643

(1986).
[20] D. Vanmaekelbergh, W. P. Gomes, and F. Cardon,

Electrochem. Soc.134, 891 (1987).
[21] G. Oskam and P. C. Searson (unpublished).
[22] D. Vanmaekelbergh, A. R. de Wit, and F. Cardon, J. Ap

Phys.73, 5049 (1993).


