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Surface Recombination on the Si(111)2 x 1 Surface
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(Received 29 December 1988)

We have directly monitored population changes in surface states as photoexcited bulk carriers recom-
bine at a semiconductor surface. By observing the time dependence of the density of photoexcited car-
riers in the conduction band, as well as the transient population in the z surface state, a detailed, mi-
croscopic model of transient surface recombination is constructed for the Si(111)2&&1 surface which in-
cludes transient surface-charging eFects on the bulk transport self-consistently.
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FIG. 1. Schematic diagram of the energy levels and recom-

bination processes for the Si(111)2x1 surface.

PACS numbers: 73.20.At, 72.20.3v

Semiconductor surface recombination is presently un-
derstood at a phenomenological level in terms of the well
known Stevenson-Keyes model' with a variety of exten-
sions. According to this model, surface recombination
is a process mediated by trap states which lie in the
semiconductor band gap, in analogy with bulk indirect
recombination. The direct study of recombination traps
by standard photon and electron techniques has thus far
not been feasible, but indirect information about such
traps can be obtained by a variety of methods. Using
the recently developed technique of two-photon time-
and angle-resolved photoemission spectroscopy, we have,
for the first time, succeeded in directly monitoring popu-
lation changes in surface states as photoexcited bulk car-
riers recombine at the surface. The surface chosen for
this study is the clean, cleaved Si(111)2x1 surface, a
surface whose electronic structure is particularly well
characterized (refer to Fig. 1). Our observations have
allowed us to construct a comprehensive model for
recombination on this surface which is consistent with all
previously obtained data on its electronic structure, '

optical properties, and dynamics.
In this experiment, we have prepared UHV-cleaved

Si(111)2x1 surfaces, and excited a bulk electron-hole
plasma using 60-psec pulses of 532-nm visible (pump)
radiation. We then directly observed the surface recom-
bination dynamics by monitoring the time dependence of
population changes in the surface states as well as the
bulk conduction band using time- and angle-resolved
photoemission spectroscopy. The experimental ap-
paratus is similar to the one used previously. Phos-
phorus-doped Si(111) bars (p=8 0cm, Nd =3x10'
cm ), of 3x3 mm cross section, were cleaved in situ
along the [211] direction. Low-energy electron
diffraction (LEED) was used to select single-domain
cleaves of the 2x1 reconstruction. Following excitation
of the surface with visible pulses at a fluence of 0.5-1.0
mJ/cm, photoemission spectra of both the transiently
occupied surface states and the bulk conduction band
were obtained using a 60-psec ultraviolet probe pulse, as
a function of delay with respect to the pump pulse.

Figure 2 shows the photoemission spectra obtained
with 10.5-eV probe radiation on the (a) unpumped and
(b) pumped Si(111)2x1 surface. Both spectra were
measured at an emission angle of 47, which corresponds
to the J point where the z* surface band reaches its
minimum in the surface Brillouin zone (SBZ). There
are two principal features that distinguish the pumped
spectrum from the unpumped spectrum, namely, the
presence of a photovoltage shift, and the presence of pop-
ulation in the z* surface state located at —0.0 eV in
spectrum 2(b). Transient population in the n* surface
state has been measured previously using time-resolved
photoemission, by direct excitation of the z-n* transition
with 0.45-eV pump radiation. The spectrum shown
here closely resembles case (b) in Ref. 7 where the rr and

bands are not fully resolved, due to the presence of
defect states in the gap between the z and x* bands.

The x* population as seen in Fig. 2(b) has a time
dependence which is seen in Fig. 3. For each data point
in Fig. 3, a separate photoemission spectrum was record-
ed with the pump and probe pulses separated by the time
indicated on the abscissa. Each spectrum was obtained
by integrating for 6000 pump-probe pulse pairs (10-min
averaging time), and it is the intensity in the rr* peak
that is plotted in Fig. 3 ~ Appropriate care was taken to
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FIG. 3. Time dependence of the n*-surface-state popula-

tion, obtained as a function of time delay between photoexcita-
tion and probe pulse.
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FIG. 2. Photoemission spectra of the Si(111)2xI surface,

at the J point in the SBZ. The zero of energy corresponds to
the position of the valence-band maximum on the equilibrium
surface. (a) Equilibrium surface; (b) 532-nm-photoexcited
surface, at zero time delay between pump and probe pulse.

insure that the surface remained clean during the total
time necessary to build up the data.

In addition to the surface state, we monitored the
time-dependent density of bulk conduction-band elec-
trons in the near-surface region. In this case, it was pre-
viously found that 4.68 eV is a convenient probe photon
energy. We obtained spectra which were virtually iden-
tical to that shown in Ref. 8. The time dependence of
this photoexcited conduction-band signal was measured
for a variety of cleaves and conditions. In particular, the
results for a clean and a partially oxidized surface are
shown in Figs. 4(a) and 4(b), respectively. The surface
used to obtain Fig. 4(b) was prepared by first making a
freshly cleaved, single-domain 2&1 surface, and then ex-
posing it to 1000 L [I Langmuir (L) =10 Torrsec] of
molecular oxygen just prior to the measurement. The
conduction-band peak intensity did not decrease follow-
ing oxygen exposure, as would be expected for a bulk
photoemission peak. The oxidized surface clearly shows
a reduced surface-recombination rate relative to the
clean surface.

The Stevenson-Keyes model for surface recombination
yields an expression for the recombination rate of
electron-hole pairs at the semiconductor surface, ex-
pressed as a surface-recombination velocity. Assuming a

steady-state condition for the capture and emission of
both holes and electrons from the trap states, an expres-
sion for the recombination rate per unit area, U, is ob-
tained in terms of capture and emission rates and the
carrier densities. The surface-recombination velocity, 5,
is then usually defined as U/An, where An is the density
of excess bulk carriers at the surface, or at the boundary
between the quasineutral and space-charge regions. Sur-
face recombination can then be naturally incorporated
into the description of bulk carrier transport as a bound-

ary condition on the continuity equation. The essence of
the Stevenson-Keyes approach is the assumption of
steady-state conditions; that is, there is no change in

population in the surface state. It is clear, however, that
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FIG. 4. Conduction-band photoemission as a function of
time delay between the photoexcitation and the probe pulse.
(a) Clean Si(111)2x1 surface. (b) Vacuum oxidized Si(111)
surface. See text for details of the oxidation process.
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our series of measurements occurs in a regime where the charge density in the surface state, as well as the bulk electron
and hole density near the surface, is time varying. Indeed, we were unable to obtain an acceptable fit to the data in Fig.
4(a) using the standard solution of the difl'usion equation with a surface-recombination boundary condition. We have
therefore made an analysis in which the time-varying space-charge field which arises due to the transient surface-state
population is included self-consistently, as are the known specific details of the Si(111)2x1-surface electronic structure.
The bulk transport equations for electrons and holes are the continuity equations and Poisson s equation:

Bn(z, t) BJn(z t) B un Bn(z, t)nztqpEzt + (la)

Bp(, t) BJ ( t) B P Bp(, t)
Bt Bz B. ' ' ' kT B.p z t qppE z t

BE(z,t) =+ [p (z, t ) n(z—, t ) +N4 —N, ],

where n(z, t) and p(z, t) are the bulk densities of electrons and holes, E(z, t) is the space-charge field, J„(z,t) and

J~ (z, t) are the electron and hole current densities, p„and p~ are the electron and hole mobilities, q is the charge of the
electron, e is the bulk dielectric constant, Nd is the density of donor ions, N, is the density of acceptor ions, k is
Boltzmann's constant, and T is the sample temperature. G(z, t) represents the generation rate of electron-hole pairs by
the laser pulse. Since our analysis applies to nanosecond and subnanosecond time regimes, we have neglected the slower
process of bulk recombination. We now couple the surface dynamics to the bulk dynamics by imposing the surface rate
equations as boundary conditions on the above equations. These equations are

J„(O,t) =k~[n(O, t)[N, —tr*(t)] —n;tz*(t)exp[(E * —E;)/kT]j,

J, (0, t) = —k p (O, t)[N, — t(zt)] + tr(t)/zl, ,

E(O, t) = —(q/e) [tz*(t) —7z(t) —nd],

der*(t)/dt =k~ {n(O,t) [N, —tz*(t)] —n;tz*(t)exp[(E * E; )/kT]] —B„tz—*(t)tr(t) —sr*(t)/z, ,

dn(t)/dt =kpp(0, t) [N, —x(t)] —B„ tz(t) (ttz) —tz(t)/zt, —n(t)/zd,

dnd/dt =tz*(t)/z, tt(t)/zd . —

(3a)

(3b)

(sa)

(sb)

In the above equations, tr*(t) and tz(t) represent the
populations of electrons in the antibonding surface state
and holes in the bonding surface state, k] and k2 are the
respective rate coefficients for capture of bulk electrons
and holes, nd represents the density of electrons occupy-
ing surface defect states, n; is the intrinsic bulk carrier
density, %, is the total density of bonding and antibond-
ing surface states, and E * and E; are the energies of the
~*-band minimum and the bulk intrinsic energy level
above the valence-band maximum, respectively. 8„ is
the ~*-tz recombination coeflicient, I/zt, is the rate for
holes to scatter from the ~ state to the bulk valence
band, 1/z, is the rate for electrons to decay from tr* into
surface defect states, and 1/zd is the rate for holes to de-
cay from z into surface defect states. In Fig. 1, the
meaning of the rate constants and lifetimes is indicated
schematically. In Eqs. (3b) and (Sb), we explicitly use a
separate rate, I/zt„ to describe the rate for hole emission
from z back to the valence band rather than the usual
detailed-balance argument, such as is used for electron
emission from x* back to the conduction band. This is
due to the near-degeneracy between z and the valence-
band maximum. In Figs. 3 and 4(a), the solid curves

I

through the data were obtained by numerically solving '

Eqs. (1)-(6). We did not attempt this analysis for the
oxidized surfaces. In that case, the z*-surface-state sig-
nal is quenched and the recombination dynamics are ex-
pected to be completely different. In general, it is known
that the surface-state density at the Si/SiOq interface is

extremely low, and thus very low surface-recombination
velocities can be achieved. "

The parameters z„zp, and B„were previously deter-
mined, with some cleave-to-cleave variation in both z,
and zI, . In fitting the present data, z, and zp, were al-
lowed to vary within those limits, and the remaining free
parameters were k], k2, and zd. The best fits which we
obtained are shown in Figs. 3 and 4 with B„=4x10
cm /sec, z, =200 psec, zt, =200 psec, k~ =3.33X 10
cm /sec, k2=3.33X 10 cm /sec, and zd= 1 nsec. The
laser fluence used was 1.0 mJ/cm . The particularly
large'value required for k2 to obtain a satisfactory fit is

apparently due to the near-degeneracy between the bulk
valence-band maximum and the z-state-band maximum.

The model clearly shows the effects of the time-vary-
ing space-charge field on the surface-recombination pro-
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cess. At the peak of the electron-hole-pair excitation
pulse, the surface is depleted of electrons, leaving a net
positive charge of —6x 10' cm . This initial charging
of the surface is due to the fact that k 2 && k ~ as noted
above. This surface charge sets up a space-charge region
near the surface with a Debye length of —20 A, corre-
sponding to the bulk plasma density of —4x10' cm
The strong fields in the space-charge region lead to an
accumulation of bulk electrons in the near-surface re-
gion, with a peak value of 7 x 10' cm at the surface,
and a corresponding depletion of holes. It is this accu-
mulation of electrons in the near-surface region that
leads to the long tail in the conduction-band signal
shown in Fig. 4(a). Because the charge on the surface
changes during recombination, the fields in the near-
surface region change correspondingly, resulting in a
transient band bending (time-dependent surface photo-
voltage shift) of —100 meV. This transient band bend-
ing is not measurable in our apparatus, due to the fact
that the time resolution for measuring a surface potential
shift is set by the transit time of the electrons between
the surface and the drift-tube entrance. The shift is in-
tegrated over this transit time which in our apparatus is
—10 nsec.

It must be emphasized that this self-consistent treat-
ment is necessary to describe adequately the subnano-
second, high-injection case of surface recombination.
The rate constants obtained through our data analysis
can now be used to describe the low-injection case, where
the surface potential remains essentially constant. This
steady-state, low-injection limit is the regime addressed
by the Stevenson-Keyes model. In this regime, we would
predict a surface-recombination velocity of —3 & 10
cm/sec for n-type -3 x 10 cm/sec for p-type Si at (111)
2&1 surfaces. The large ratio of recombination veloci-
ties between n- and p-type Si arises from the large ratio
k p/k l.

In conclusion, we have directly observed population
changes in surface states and in the density of bulk elec-
trons in the near-surface region as a photoexcited
electron-hole plasma undergoes surface recombination at

the Si(111)2&&1surface. We have constructed a detailed
and comprehensive microscopic model for this process
which includes transient surface-charging eff'ects on the
bulk transport self-consistently.
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