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Deconvolution of Charge Injection Steps in Quantum Yield Multiplication on Silicon
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An unusual photocurrent multiplication effect at the n-silicon/electrolyte interface which gives rise to
quantum efficiencies approaching 400% has been investigated by intensity-modulated photocurrent spec-
troscopy. This technique has shown that the process involves hole capture followed by the successive in-
jection of three electrons by surface intermediates. Kinetic analysis of this effect shows that the rate
constants for electron injection are unusually low at between 1 and 103 s ™"

PACS numbers: 73.40.Mr, 82.20.Pm, 82.45.+z, 82.50.Cr

Anomalously high quantum yields (Q =2) during
semiconductor photodissolution were first observed at the
germanium-electrolyte interface.! The phenomenon is
referred to as current doubling since it corresponds to the
transfer of two electrons per absorbed photon. In recent
years, an analogous effect on Si has been observed,?™
and cven quadrupling of the photocurrent (Q=4) has
been reported.* This remarkable effect has been ex-
plained tentatively by the assumption that light-induced
surface complexes located energetically at or above the
conduction band are able to inject electrons into the sil-
icon. Up to now, no decisive experimental proof of such
a mechanism has been available, although a surface
analytical investigation of photocurrent doubling has
been performed recently.® We present here for the first
time experimental proof that the quantum-yield-mul-
tiplication effect is due to hole capture followed by the
relatively slow injection of three electrons by surface in-
termediates.

The intensity-modulated photocurrent technique’~’
was chosen for the investigation on account of its unique
capabilities for the determination of rate constants for
photoinduced charge transfer. The principle of the
method is shown in Fig. 1. The optoacoustic modulator

mod

FIG. 1. Experimental arrangement. C is the microcomput-
er, FRA the frequency-response analyzer, L the laser, M the
optoacoustic modulator, PD the photodiode, PS the potentio-
stat, and Si is the silicon electrode in contact with electrolyte.

produces a sinusoidal intensity modulation of the laser
beam incident on the electrode, and a reference signal is
provided by the photodiode which samples the incident
beam. The magnitude and phase of the photocurrent are
compared with those of the incident light by the
frequency-response analyzer. The potential of the Si
electrade is controlled by a high-bandwidth pstentiostat. — -

Under suitably chosen experimental conditions, n-Si
exhibits photocurrent multiplication in aqueous ammoni-
um fluoride solutions.'® The photocurrent Jphoto 1S then
due to superimposition of the hole flux j, into the surface
and the electron flux j, injected by surface intermedi-
ates;

Jphoto=Jjp+Jn . (1)

It is not possible to separate j, and j, by conventional dc
photocurrent techniques, but the photocurrent response
to periodic or transient illumination allows them to be
deconvoluted since the time scales associated with hole
capture and electron injection will generally not be the
same. If there is a time delay associated with electron
injection, the phase and amplitude of the photocurrent
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FIG. 2. Kinetic scheme for the photodissolution of n-Si
showing the competition between hole capture (k1, k2, and k3)
and electron injection (ka, ks, and k.).
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will depend on the modulation frequency of the incident
light, and the rate constants for the electron-transfer
steps contributing to j, can then be obtained.

Photodissolution of n-Si involves competition between
hole capture and electron injection as illustrated
schematically in Fig. 2. This reaction scheme leads to a
set of linear differential equations that is readily solved
for the steady state.'® In the low-intensity limit where
electron injection predominates, Q will approach 4,
whereas at higher intensities it will fall, eventually reach-
ing 1 when electron injection can no longer compete with
hole capture. This is in accord with reported experimen-
tal data,* but no absolute values of the rate constants
can be deduced from these measurements. By contrast,
frequency-domain analysis provides kinetic information
directly. For the case where all hole-capture steps except
the first can be neglected (low-intensity limit), Eq. (1)
can be written as

jphoto =jp +kaC(I)+kbC(II)+kCC(III) s )

where k,, kp, and k. are first-order rate constants for
electron injection and C(I), C(II), and C(III) are the
surface concentrations of the injecting intermediates
Si(D), Si(II), and Si(I1I).

Each electron-injection step gives rise to a characteris-
tic time constant equal to the reciprocal of the corre-
sponding first-order rate constant. This is illustrated by
Fig. 3, which shows complex-plane plots of the quantum
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FIG. 3. Theoretical modulated photocurrent responses
showing the time constants associated with electron injection.
The rate constants (s ') for electron injection are shown in the
figures.

1990

efficiency
0 = Jonowo/jp =Re(Q) +iIm(Q) , (3)

calculated for three sets of rate constants k., kp, and k..
The limiting values of Q are 4 (zero-frequency intercept)
and 1 (high-frequency intercept), and the values of the
rate constants can be obtained from the frequencies cor-
responding to the minima of the semicircles. The com-
plete theoretical development'® includes the effects of
recombination and of the RC time constant of the cell,
but these effects are negligible under the experimental
conditions used in this study.

Experiments were carried out on (111) n-Si wafers
(N;=4%10" cm ~?) in 6.5M ammonium fluoride solu-
tions at pH 5.4 and in potassium phthalate buffer at pH
4.4. Measurements were made at 442 nm (He-Cd laser)
and 632.8 nm (He-Ne laser), and the incident photon
flux was calibrated with a silicon photodiode immersed
in the solution and corrected for reflection losses. Solu-
tions were prepared from AnalaR reagents with ultra-
pure water and purged with oxygen-free nitrogen.

The existence of a photocurrent quadrupling effect in
the fluoride solution was verified initially by steady-state
measurements at low photon fluxes (< 10"} cm ~%2s7!).
After correction for reflection losses, the maximum
quantum yield in the saturation photocurrent region was
found to be 3.6 +0.2. By comparison, the quantum yield
measured in the phthalate buffer solution was close to
unity.

Intensity-modulated photocurrents were measured
with 80% modulation depth in the frequency range 10
mHz to 65 kHz, and the response observed in fluoride
solution is shown in Fig. 4. Measurements were also
made with phthalate buffer, and the photocurrent in this
case was found to be independent of frequency with
QO =1. In the absence of electron injection, the photo-
current is due entirely to rapid capture of photogenerat-
ed holes, and there is negligible phase difference between
excitation and photocurrent.

The shape of the complex-plane plot for »-Si in am-
monium fluoride resembles the theoretical response
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FIG. 4. Experimental modulated photocurrent response
(circles) observed with (111) Si in 6.5M NH4F solution (pH
5.4) at 1.5 V vs saturated calomel reference electrode (filled
circles). The line and squares show the theoretical response
calculated for k, =2x10% s~ k, =500 s ™! k. =0.5s"!, and
a standard deviation of 1.5 kT in activation energy for electron
injection.
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shown in Fig. 3(b), although the experimental semicir-
cles are flattened as the result of surface inhomogeneity
(see below). The first two electron-injection steps cannot
be deconvoluted from the response, which shows that k,
is either of the same order of magnitude as k, or possibly
larger. The injection of the third electron is about 3 or-
ders of magnitude slower, giving rise to the second sem-
icircle at frequencies below 10 Hz.

Since there is evidence for mixed coverage with -H,
-F, and possibly -OH ligands,%!' we propose the follow-
ing scheme which includes surface hydrogenated species:

Si+F ~+h— SiF(surf) ,

SiF (surf) + F ~ — SiF,(surf) +e ,
SiF,(surf) + HF — SiHF;,

SiHF;— SiF;(surf) +H* +e , €)]
SiF;(surf)+F ~— SiF; ~,

SiF4~ +HF — SiHFs

SiHFs " +F~—SiFs~ "+H" +e.

Evidence for the involvement of SiHF; in the reaction
scheme has been obtained by Fourier-transform infrared
measurements.'? The last electron-injection step is asso-
ciated with the rupture of the final Si—Si bond and the
formation of SiFs~ ~ in a three-step reaction which is
likely to occur on a longer timescale than the earlier two
steps.

The flattening of the semicircles evident in Fig. 4 has
also been observed in the case of current doubling at p-
GaAs.’ It can be modeled by the assumption of a nor-
mal distribution of activation energies (E,) for the
electron-injection steps associated with different dissolu-
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FIG. 5. Comparison of the experimental intensity depen-
dence of the steady-state photocurrent quantum efficiency in
fluoride solution reported in Ref. 4 (open circles) with the re-

sults of calculations based on the kinetic scheme shown in Fig.
2. The hole-capture cross sections are o =10""> cm 2

02=03=3%10"2°cm?

tion sites on the {111) surface.'®
The rate constants k,, kp, and k. can be expressed in
the form

k=vexp(—E,/kT) , (5)

where E, is an activation energy and v is a preexponen-
tial factor. If v is assumed to be of the order of 10'?
s~ !, the activation energy for the final bond-breaking
step is 0.65 eV. This value can be compared with the
bond energies for Si—H and Si—F in SiH4 and SiF,,
which are, respectively, 3.38 and 5.88 eV, and with the
Si—Si bond energy in the solid, which is of the order of 1
eVv.

The values of kg, ks, and k. were substituted into the
steady-state solution for the general reaction scheme and
the rate constants for hole capture by the intermediates
Si(I), Si(II), and Si(III) were then varied to give the
best fit to the experimental intensity dependence of the
quantum efficiency.* The results are shown in Fig. 5.
The second-order rate constants for hole capture can be
written in the form

k=0,0,/6=30,%x10"2 cm?s 7", (6)

where o, is the capture cross section for holes, v, is the
thermal velocity of holes, and & is a reaction length of
the order of an atomic diameter. The cross section for
hole capture by the first intermediate Si(I) is therefore
of the order of 10 ~!3 cm?, whereas the cross sections for
hole capture by the next two intermediates, Si(II) and
Si(III) appear to be smaller by a factor of more than
108, It follows that successful hole capture by intermedi-
ate Si(II) and Si(III) involves energies of activation of
around 0.3 to 0.4 eV. Hole capture by Si(I), on the oth-
er hand, is evidently associated with a much smaller ac-
tivation energy. These observations can be rationalized
in terms of thermally activated bond rupture in the reac-
tion scheme of Fig. 2, although contributions from
Coulombic terms and solvation energy are also likely to
be important.

The experimental approach outlined in this Letter pro-
vides new insight into silicon photodissolution. The iden-
tities of the electron-injecting intermediates remain to be
established, and it would therefore be interesting to com-
bine the approach outlined in this Letter with in situ in-
frared spectroscopy. Further work on this aspect of the
problem is in progress.
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