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In Situ Measurements of Interface States at Silicon Surfaces in Fluoride Solutions
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The energetics and kinetics of processes involving interface states at silicon (111) surfaces in aqueous
fluoride solutions were determined usiimy situ impedance spectroscopy. In the dark, we observe
electrically active surface states with densities in the rahge 10'° to 1 X 10'2 cm™? dependent on
the surface chemistry. The surface states are physically the same, indepengéhtvath a capture
cross section ol X 107'¢ cm?. 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

In recent years there has been renewed interest in treccupancy is determined by the position of the Fermi
surface properties of silicon. In particular, the decreasindevel at the surface. The capture of electrons from the
feature sizes in electronic devices have highlighted theonduction band and thermal detrapping from the surface
importance of wafer cleaning and surface preparationstates can be described by the following equations:

Chemical methods are routinely used in the cleaning sY 4+ e’(CB)ﬁ» ss (1a)
and passivation of silicon surfaces, and many of these ’
processes involve immersion in HF solutions [1,2]. It was ss B sd + o (CB). (1b)

first recognized, more than 10 years ago, that immersion . )
of silicon in HF results in a hydrogen passivated surfacd "€ impedance due to filling and emptying of the surface

[3] with a very low surface recombination velocity [4]. States can be calculated by considering the harmonic
More recently it has been shown that the morphology€SPonse to a sinusoidal voltage modulation. For a small
of hydrogen passivated silicon surfaces is dependedfiodulation amplitude, the modulated density of occupied
on crystal orientation angH [5,6]. At low pH, the Surface states™ is given by

Si(111) surface is essentially unreactive, whereas at higher ds~
pH the etch rate for weakly coordinated Si-tdnd Si- dr

Hgy surface sites becomes significant resulting in thg o650 s the modulated density of empty sta(g8 =
formation of large domains of ideally terminated Sil): —37), i, is the modulated surface electron concentration,

H(1 X 1) terraces [7—10]. In order to fully exploit the i = V=1, ande is the angular frequency. The surface

Chemlca_ll and s.truc.tural mo_dlflcatl_on of S|I|cor_1 Su.rfaceselectron concentration is described by a Boltzmann distri-
for device applications, it is desirable to haue situ

- : ._hution and for a small modulation amplitude we obtain
techniques to relate the surface chemistry to the eIectrlcalﬂ P
properties. The purpose of this Letter is twofold. First, io=—-n 2@ 3)
we show that the energetics and kinetics of processes : kT T

involving interface states at semiconductor surfaces can

=iwd = kn3° + kisPiy — k5T, (2)

be determined in an electrolyte solution. Second, we
demonstrate that two types of electrically active interface _/ _/
4 X ) O <= o —

states are present at silicon surfaces in aqueous solutions CcB Ky ” ko cB kn,
whose properties depend strongly on tpél of the ™= SS
solution. = R

All measurements were performed e8i(111) (Np = T kp
3 X 1013 cm™3). The wafers were RCA cleaned [1] and
immersed in 49 wt.% HF for 5 min prior to each exper- _’/ J
iment. All measurements in the dark were performed VB VB
in 1M NH,F, adjusted to the desiredH by addition a b

of HF or NH,OH. For experiments under illumination,
K 4Fe(CN) and KCI were added to the solution in order FIG. 1. Energy band diagrams illustrating the processes at
to stabilize the surface and minimize photocorrosion [11]0occurring at interface states for antype semiconductor. (a)

Surface states at amtype semiconductor in the dark Electrons in the conduction band (CB) can be trapped and
int t with th ducti band (CB h . _detrapped from surface states with respective rate constants
Interact wi e conduction band (CB), as shown Nandx,. (b) Under illumination, free holes and electrons can be

Fig. 1(a). If the states are energetically close to the CBrapped on recombination centers with rate constants denoted
and interaction with the solution can be neglected, théy k, andk,.
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where U is the potential modulation. The modulatedto be2 x 107 cm’s™ and 2 X 10* s™!, respectively.
electron flux j resulting from the modulation of the From k, the capture cross section of the surface states

applied potential is obtained from (2) and (3), was found to bel X 107'® cn? [16], corresponding to
. d5 e 0 iw . approximately a single lattice site. Values g, k1,
=0 = _ﬁklnss o + ko + kin, U (4)  andk, obtained from analysis of the parallel conductance

. . were in agreement with those obtained from the parallel
The impedance due to relaxation of the surface states Is . __— . .
: Capacitance, confirming that both the real and imaginary

given by . X .

7 T P components are consistent with the simple model shown
Zy= === (ans") 1+ F2—=2). (5)  InFig. 1(@). |

e lw Figure 3 shows the surface state density, calculated

Equation (5) shows that the surface state impedafice from Eq. (7), plotted as a function ¢fH. At low pH the
is equivalent to a resistance in series with a capacitanc@ydrogen passivated surface is stable, and the surface state
Since Z is in parallel with the space charge layer density is abouz x 10'° cm™?, in agreement with recent
capacitance,, it is convenient to consider an equivalent in situ microwave measurements [17]. At higheH the
parallel combination ofCy. with a frequency dependent surface state density increases to abbut 10'* cm 2,

surface state capacitane®,(w) [12], characteristic of a chemically oxidized surface. Both
) kokyn the hydrogen passivated and oxide passivated surfaces
C = — s Ny, 6 . . . .
»(w) T (w2 = (on, 4 k2)2> ss (6) were stable during extended immersion with no change

in the density of surface states. The surface state energy
where N is the density of surface states”,(w) may  was essentially independent pH, suggesting that the
be evaluated experimentally by subtracting space chargsurface states are physically the same for both hydrogen
capacitance from the measured parallel capacitance. Thgissivated and oxide passivated surfaces.
corresponding parallel conductance obtained from this The sharp increase in surface state density argud
model is equivalent to the result obtained by Nicolleanjs related to the formation of an oxide layer. At positive
and Goetzberger [13] who used a thermodynamic modejotentials and at higihH, oxide formation can no longer
to determine the density of states at Si/giterfaces in  be suppressed due to the low concentration of molecular
metal-oxide-semiconductor devices. HF [18]. In contrast, the hydrogen passivated surface is
The density of surface states and the relevant rate comeported to be stable up to very highi at the open circuit
stants can be determined experimentally by consideringotential [2]. These results demonstrate a limited domain
the frequency dependence of Eq. (6). At low frequenof thermodynamic stability for the hydrogen passivated

cies, wherew? < (kin; + k), C,, exhibits a maximum surface as a function gfH and applied bias.
as a function of potential at;n, = k, corresponding to

an occupancy of 0.5. The capacitance at the maximum,

C,(may), is related to the density of surface states by

1 e? 8

Cp(max) _ 1 € N, ) 4x10 T T T T

4 kT

Figure 2 shows the measured parallel capacitance, af-
ter subtraction of the space charge component [14], vsg
applied potential for am-Si(111) surface in NHF solu- £
tion at pH4. The frequency dependence of the surface
state capacitance, in the inset in Fig. 2, shows a plateau al;glrl 2% 108
frequencies below 1 kHz. At frequencies above 10 kHz
where w? > (k;n; + k»)?, the slope approaches2, in
agreement with Eq. (6), indicating a monoenergetic sur-
face state. The full width at half maximum of the capac-
itance peak in Fig. 2 is about 0.1 V, in good agreement
with the predicted value 08.52kT /e for a monoener-
getic surface state [15]. From the position of the peak o
maximum, the surface state energy was determined to be -0.3 0.2 -0.1 0 0.1
0.38 eV below the conduction band edge. U (V/SCE)

The rate constantk; and k, can be obtained by

recognizing that at the roll-off frequenay” = (kin, +  FIG.2. The parallel surace state capacitance vs appied po-

k2)? 'and kins =k at the potential of the Capgpitance (o), and 31.6 kHz(V). The inset shows the frequency depen-
maximum. From Fig. 2, the rate constants for filliig)  dence ofC, at —0.24 V (SCE). The solid line corresponds to
and emptying(k,), the surface states were determinedthe predicted slope of2.
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T T T T T T T 1 tion (jec = jr), the recombination capacitance [20], cal-
culated using the same approach as for the surface states,
shows a maximum as a function of potentiakat= k, n;
according to

1012F

e iph

&
£ Crec(May) = — —, 8
g (max = - — = ®
Z 10" where j, is the minority carrier flux andi,n = eji,
the photocurrent plateau at large band bending. At low
frequency,C...(max becomes independent of frequency,
and the limiting value fow — 0 is given by
1010L 1 1 1 1 | | 1 | o 4 82
3 4 5 6 7 8 9 10 11 Crec(max)w—>0 - E ﬁNrec . (9)
pH At high frequencies the experimental data follow Eq. (8)

FIG. 3. Surface state density, obtained using Eq. (7)pks  With slopes close to the predicted value MV711-aS
for n-Si(111) surfaces inlM NH,F solutions. shown in the inset in Fig. 5. At low frequencies, a
frequency independent maximum is observed below about
5 Hz, and the density of recombination centdks. can
_— . be determined from Eq. (8). To our knowledge, this
Recombination processes were analyzed as a func“%quency independent maximum has not been reported
of both light intensity and band bending using phOtO'previously.
electrochemical impedance spectroscopy. Under illumi- Figure 5 shows the density of recombination centers
nation atpH9, the measu_red parallel capacitance exhibitg g the plateau photocurrent aH9. For low photocur-
two maxima, as shown in Fig. 4. The peak{:_lt).S Voo nts,N.. increases from abou X 10'! cm2 to about
corresponds to the surface states observed in the dagky 1012 cm=2 The plateau value at higher light intensi-
and obeys the frequency dependence described in Eq. (§ag corresponding to a capacitancetqiF cm 2, is due
The second peak at 0.2V is observed only under illuy, tr’1e limit whereC,..(max > Cy, the Helmholt’z capac-
mination, and the peak position, peak width, and peal,nce 5o thatC,..(max can no ’Ionger be determined.
height are dependent on frequency and light intensityzpeqe regyits show that the density of recombination cen-
These features are characteristic of a surface recombings jncreases with increasing light intensity, indicating
tion process [19], as shown schematically in Fig. 1(b){hat recombination takes place at oxidation intermedi-
At high frequencies and assuming complete recombinasseg  ynder illumination the hydrogen terminated sur-
face is unstable, and the surface is passivated by an oxide

4x10®
4x1012 T
&
5 <
S .- £
~ 2x106H] L
3] g 2x1012} -
=z
OO 0.2 0.4 0.6
iph/® (WA s rad-1 cm-2)
0 0 ]
0 5 10

ioh (LA cm?)

U (V/SCE)

FIG. 4. The measured parallel capacitance vs applied poE!G. 5. The density of recombination centets.. vs the
tential for n-Si(111) in 1M NH4F + 0.1M K4Fe(CN)g + plateau photocurrent density,, [see Eg. (9)]. The inset
0.5M KCI at pH9 under illumination: 2.15 Hz[J), 10 Hz(¢),  ShOWSCr.c(MaX Vs ipy /@ for ipy = 0.94uA cm™ (0), iy, =
21.5 Hz (o), 46.4 Hz(A), 100 Hz(V), and 1000 HZAX). The 1.6 uA cm™2 (¢), andi,, = 3.1 uA cm~2 (o). The solid line
plateau photocurrent, was35 uA cm2. shows a slope a0 V™.
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layer, suggesting that the oxidation intermediates are re{8] R.S. Becker, G.S. Higashi, Y.J. Chabal, and A.J. Becker,
lated to incompletely oxidized silicon sites at the Si/$iO Phys. Rev. Lett65, 1917 (1990).
interface. [9] G.W. Trucks, K. Raghavachari, G.S. Higashi, and Y.J.

The observation of a second capacitance peak under Chabal, Phys. Rev. Let65, 504 (1990).
illumination suggests that the recombination centers ar&-%l \5(9 '\fgzt?a'(lg'g'l/;'k" and H. Tokumoto, Appl. Phys. Lett.
ghysmally different f_rom the surface states m_easured inth 11] B.H. Loo, K.W. Frese, and S. R. Morrison, Surf. StQ
ark. This was confirmed by calculating the impedance fo 75 (1981)
recombination c_)ccurring at Fhe surface states; in this casgy C,(w) = clulm(Z)/(l + D) where D =[{Re(Z) —
only one capacitance peak is obtained, and the magnitude * g1/ — |m(z)], where R, is the high frequency series
of the capacitance maximum is attenuated [21]. We can resistance and is the measured impedance.
therefore exclude the possibility that the same states afe3] E.H. Nicollean and A. Goetzberger, Bell Syst. Techi§].
responsible for the two peaks observed in Fig. 4. 1055 (1967).

The rate constant for recombination can be obtainedl4] At positive potentials(Er < E,) the impedance spectra
from the capacitance peak shown in Fig. 4. From Mott- exhibited a single time constant (due to the impedance
Schottky measurements, the band bending at the capac- ©f the space charge layer) over the measured frequency
itance maximum (21.5 Hz) was determined to be about ~fange (1 Hz-100kHz); the corresponding Mott-Schottky
0.12 eV. Making the usual assumption that, > k, p plotg were Ilnear and virtually |nerendent of frequency
(p. is the surface concentration of free hO|eSS) an[é éalcu- in this potential range. At potentials close to the flatband
Ps - - potential, a capacitance peak due to the surface states
lating n; from the band b_endmg gnd donor density, the was superimposed on the space charge layer capacitance.
rate constant for recombinatiob, is found to be about The capacitance due to the surface stateS, was
3 X 107" cm’s™!. This value was confirmed by inten- obtained by subtraction of the underlying space charge
sity modulated photocurrent spectroscopy [21]. We note  capacitance(AC, = C, — C). In all cases,C,. was
thatk, is about four orders of magnitude smaller than the  at least one order of magnitude smaller than the low
value reported for-GaAs, illustrating that recombination frequency capacitance maximum.
is much slower at silicon surfaces [22]. [15] The full width at. half maximum was obt.ained from

The authors gratefully acknowledge support from the ~ EQ. (6) by determining the change i to give C, =

National Science Foundation under Grant No. DMR-  C» (max)/% in the low frequency limit wherew® =
9202645, (king + ky)*. The FWHM, in terms of the applied bias is

3.52kT /e (90 mV at room temperature).
[16] The capture cross sectien was calculated from the rela-
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