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Ultrafast-electron dynamics and recombination on the Ge(111)(2X 1) n-bonded surface
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Angle-resolved laser-photoemission spectroscopy has been used to study the ultrafast-electron scatter-

ing and recombination processes on the Ge(111) m-bonded (2 X 1) surface with subpicosecond time reso-

lution. Electrons photoexcited into the bulk Ge conduction band scatter into the unoccupied surface an-

tibonding n. band whose minimum is at the J point in the surface Brillouin zone. Rapid relaxation to
the surface-band minimum is followed by a unique phonon-assisted process in which electrons recom-

bine with bulk holes at the valence-band maximum, which we find to be the primary mechanism respon-

sible for the decay of the transient m. population. Time-dependent measurements carried out at 300 and

120 K have been employed to determine the role of energetic phonons in the scattering processes. These

processes are modeled with a set of rate equations, whose fits to the data yield scattering times used to
determine a surface recombination velocity directly. Ultrafast surface-state hole dynamics are observed,
and a renormalization of the surface band gap is studied as a function of electron density. The n.-bonded

states are fundamentally one dimensional in nature, and thus these results represent studies of band-gap
renormalization in a one-dimensional system.

I. INTRODUCTION
[OIT] Jl

TOP VIEW

Elucidation of the microscopic processes involved in
ultrafast-electron dynamics is critical to the understand-
ing of macroscopic transport in semiconductor systems.
Processes including electron-phonon (e-ph), electron-
electron, and electron-impurity scattering, as well as
electron-hole (e-h) recombination are just a few of the
mechanisms which must be considered. In a semiconduc-
tor heterostructure system, for example, an electron
which crosses the interface between the two materials
will scatter from the band minimum of the substrate to a
new band in the overlayer. The details of such scattering
can conceivably be extremely complex when, for exam-
ple, lattice mismatch, interfacial disorder, and
interdiffusion are included. A somewhat simpler system,
in which many ingredients of this problem can be found,
is the surface of a semiconductor, where reconstruction
of the surface atoms results in new states which are often
considerably different from those of the bulk.

A particularly interesting system for studying many as-
pects of the aforementioned electron dynamics is the
cleaved Ge(111)(2X1)surface, where the surface atomic
rearrangement gives rise to m-bonded chains of atoms
oriented along the [011]direction (Fig. 1, top) separated
by 8 A along the [211] direction. Both Ge(111) and
Si(111) exhibit similar reconstructions and surface
energy-band structures, and represent among the most in-
tensively studied and best understood (theoretically and

experimentally} semiconductor surface systems to
date. ' This level of understanding provides a founda-
tion for investigating the ultrafast excited-state dynamics
on these surfaces. In the particular case of Ge, the atomic
chains which form upon cleavage give rise to new elec-
tronic states at the surface, which are energetically locat-
ed within the bulk band gap of the crystal. Figure 1 (bot-
tom} displays the surface and bulk projected band struc-
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FIG. 1. Top view of the m.-bonded chains formed at the
cleaved Ge(111) surface. The ~-bonded surface atoms are
shown as filled circles (top). Bulk projected and surface band
structure of the cleaved Ge(111)(2X1)m-bonded surface. The
excitation, scattering, and recombination pathways are depicted
by arrows. The inset shows the surface Brillouin zone (bottom).
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ture for this particular reconstruction. For Ge, the
conduction-band minimum (CBM) is the I. point, 0.66 eV
above the valence-band maximum (VBM), and when pro-
jected onto the surface along the [111]direction defines
the minimum unoccupied point at I, the surface Bril-
louin zone (SBZ) center. The bulk conduction band at
the I point (also at I ) is 0.9 eV above the VBM. The
solid curves represent the surface bands. These surface
bonding and antibonding bands disperse upward (occu-
pied m. ) and downward (unoccupied n') along the [011]
direction until they reach the J point of the SBZ. The
bands are nearly dispersionless along the perpendicular
[21 1] direction, mirroring the one-dimensional nature of
the chains (see Fig. 1). As a result, strong optical absorp-
tion, -2%, has been observed for photons at the surface
band-gap energy of 0.5 eV. In this paper, we will de-
scribe in detail the manner in which electrons, initially
excited into bulk Ge bands, couple into surface states,
lose energy, and eventually recombine with holes also
present at the surface. We expect that the scattering and
recombination mechanisms observed in our experiments
will be operative in a wide class of heterostructure semi-
conductor systems.

II. EXPERIMENTAL DETAILS

Our laser-photoemission studies were carried out as a
series of excite-probe experiments where electrons are
first excited into empty states above the Fermi level (ex-
cite pulse), and subsequently photoemitted (probe pulse).
Since both photon pulses are derived from the same laser
source, temporal synchronization is obtained. The laser
photoemission technique has been described in detail else-
where, but a brief outline will be given here. A dye
laser, synchronously pumped by a Nd:YAG (yttrium-
aluminum-garnet) laser produces 0.8-ps pulses of light,
tuned for this experiment to 704 nm (1.76 eV). Pulses
from this laser are amplified at a 100-Hz repetition rate in
a four-stage XeC1 excimer-pumped amplifier, yielding
-0.4 mJ per pulse. A fraction of this light is frequency
doubled to 352 nm (3.52 eV) in a nonlinear crystal (potas-
sium dihydrogen phosphate) and then subsequently fre-
quency tripled in a Xe conversion cell. The resulting
117.3-nm (10.56-eV) radiation is selected by a spherical
grating and focused onto the sample. Unconverted 1.76-
eV light is used to photoexcite the sample and impinges
on the surface colinearly with the 10.56-eV light in order
to avoid geometrical broadening of the time resolution.
The 1.76-eV fiux was varied between 90 and 800 pJ/cm,
resulting in a peak bulk carrier density of
(1—9)X10' /cm at the surface. The highest fiuences
used were still three orders of magnitude below the melt-
ing threshold, and no significant heating of the sample
was observed. Photoemitted electrons were energy and
angle analyzed with a 64-anode time-of-flight detector,
with an energy resolution of (0.1 eV for electrons with
6-eV kinetic energy. The acceptance angle of 3.8 pro-

0
vides a momentum resolution of 0.07 A at the J point.

Samples of both n- and p-type doping were cleaved in
situ along the [21 1] direction, and could be cooled to 120
K in order to investigate temperature-dependent phe-

nomena. A six-axis manipulator was employed to permit
detection of photoemitted electrons from all energetically
accessible points in the bulk or surface Brillouin zone.
The cleaved surfaces were inspected with low-energy
electron diffraction, and used only if they exhibited the
desired single-domain (2 X 1) reconstruction. The
ultrahigh-vacuum system attains a base pressure of
5X10 " Torr, which is critical since the (2X1) recon-
struction of this surface is metastable and photoemission
intensities of the surface states are sensitive to residual
gas contamination.

III. SPECTROSCOPY
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FIG. 2. Band structure of bulk Ge (after Ref. 8) indicating a
point in the Brillouin zone where absorption of the 1.76-eV ex-
citation pulse occurs. Holes are created 0.4 eV below the VBM,
which can scatter into the ~ band. Absorption also occurs
along the A direction (not shown).

Upon photoexcitation of the system, a significant popu-
lation of electrons ( -5 X 10' /cm at the surface) is creat-
ed by absorption in the bulk. Inspection of the Ge-bulk
band structure, displayed in Fig. 2, shows that absorp-
tion of 1.76-eV photons occurs near the bulk-I point
only. Holes are created 0.4 eV below the VBM, while
electrons are excited 0.5 eV above the conduction edge
near I . Electrons can relax to the band edge at I, as well
as scatter rapidly to the CBM at L, which possesses a
large density of states. Since bulk and surface states
overlap at the surface, electrons may also scatter into the
~* band, -0.4 eV above the n.* minimum at the surface
J point, and eventually relax to the band minimum (Fig.
1, bottom). Figure 3 displays a photoemission spectruin
of the 2X1 surface collected at 120 K, and an emission
angle of 39' along the [011] (chain) direction, when the
probe pulse was delayed 5 ps relative to the excite pulse.
We observe two intense peaks, one at 0 eV on our energy
scale and another at 0.5 eV. A study of the intensity
dependence of the 0.5-eV peak with emission angle (see
Fig. 4), collected along the I -J (chain) direction, reveals
that the center of the distribution occurred at 39' relative
to the sample normal, indicating a peak in the concentra-
tion of electrons at this point in the SBZ. With this infor-
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We have also measured the emission intensity along the
J-E direction ([211]), which is perpendicular to the
chains, and found substantial population along the entire
line in the SBZ, consistent with the nearly Aat dispersion
of the n.* band in this direction. Our spectroscopic
findings are in good agreement with results from photo-
emission measurements on heavily doped Ge(111), as
well as inverse photoemission, ' and are consistent with
theoretically derived band dispersions.
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FIG. 3. Excite-probe spectrum of the Ge(111)(2X1) surface,
collected at 120 K, and an emission angle of 39. The probe
pulse was delayed 5 ps relative to the excite pulse.

mation, we can calculate the parallel component of the
electron wave vector, k~~, for an emission angle 39' and
our photon energy of 10.56 eV. Because kl is a good
quantum number for the surface, and is conserved in the
photoemission process, modulo a reciprocal-lattice vec-
tor, we calculate kl =[(2m, E„;„/fi )]'~ sin(39')=0. 786
A ', where m, is the electron mass and Ek;„=6.0 eV,
the kinetic energy of a photoemitted ~' electron mea-
sured in our analyzer. This value of k~~ corresponds to the
J point in the SBZ, and we therefore assign the 0-eU peak
to the normally occupied m state, and the 0.5-eV emission
to the now transiently occupied ~* band. The 0.5-eV
separation is in good agreement with optical-absorption
measurements on this surface. We note at this point
that the m.* peak is slightly more intense than the m peak.
This is due to the excitation of holes into the ~ band,
which will be discussed in Sec. VII.

A further analysis of the angular distribution (Fig. 4)
shows that the transient population in the ~ band corre-
spond to a localization of the electron population be-
tween 0.89 and 1.11 ~I -J

~
indicating that the n' band is

IV. DYNAMICS

Inspection of the time-dependent intensities of the m'

signal reveals a wealth of information on the surface elec-
tron dynamics. All dynamic information is contained in
the time-dependent intensities and shapes of the m' peaks
collected in photoemission. Measurements were carried
out at 300 and 120 K, in an effort to determine the nature
of the mechanisms governing the electron dynamics at
the surface. Figures 5 and 6 display photoemission spec-
tra collected from the photoexcited Ge surface for
different delay times, with substrate temperatures of 120
and 300 K, respectively. In Fig. 5, we note for the early
time of 0.3 ps a relatively weak but energetically broad
m.* peak. Initially, the absorption of the excite pulse at I
creates a dense electron-hole plasma whose bulk densities
reach 5X10's/cm near the surface. e-ph scattering, as
we will show, drives electrons from the bulk states near
the surface into the ~* band -0.4 eV above the J
minimum (see Fig. 1, bottom). The distribution of hot
electrons within the ~* band at elevated energies results
in the broadened and shifted peak we observe at 0.3 ps.
At a later time, as shown with the 5-ps spectrum, the m.*

peak has grown significantly in intensity. We can con-
clude that at early times (0.3 ps) the 0.5-eV peak reflects a
hot, nondegenerate electron gas, with electrons distribut-
ed over a wide energy range but which do not fill all
available states, while at 5.0 ps the signal is now indica-
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FIG. 5. Photoemission spectra collected at 120 K, and an
emission angle of 39' for delay times of 0.3 ps (solid), 5 ps (dot-
dashed), and 137 ps (dashed). The energy zero is placed at the
peak of the occupied m. state. (Excitation fluence was -420
pJ/cm .)
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tive of a cooler, degenerate electron gas. At this time, the
intensity of the m* signal exceeds that of the normally oc-
cupied m. signal, i.e, the m emission is transiently dimin-
ished by a maximum of 10—15%%uo. This eff'ect is due to
several possible processes, including scattering of bulk
holes into the m band created by the excite pulse -0.4 eV
below the VBM (see Fig. 2), weak m-m' transitions which
occur far from the J point, and transitions from the ~
state near E into the bulk conduction band at X. Mea-
surements of the hole dynamics will be discussed in Sec.
VII.

At a delay of 5.0 ps, the full width at half maximum
(FWHM) of the n' peak in Fig. 5 is 290 meV, nearly 80
meV smaller than at 0.3 ps and the peak has shifted to
lower energy by 50 meV, indicating that the entire distri-
bution is relaxing to lower energies. Finally, we note that
at the much later time of 137 ps, where we expect the
electron temperature to be close to that of the lattice, the
signal is both less intense and narrowed (FWHM =220
meV} on both the high- and low-energy sides, resulting in

a widened surface band gap relative to that at 5 ps. This
transient band-gap change (renormalization) is a densi-

ty, " and hence time-dependent effect which plays an im-

portant role in the recombination processes to be de-
scribed. A detailed investigation of the surface band-gap
renormalization is described in Sec. VI.

We can compare the 120-K spectra in Fig. 5 with those
collected at 300 K, shown in Fig. 6. We note essentially
the same evolution of the peak shapes, i.e., a broadened
peak at early time (1 ps), increased peak intensity at 2 ps,
and a narrowed and less intense peak at 68 ps. Impor-
tantly, for the same excite-pulse fluence, we note that the
m* peak intensities are significantly smaller than those
collected at 120 K. The smaller intensities are a direct
result of the higher e-h recombination rates operating at
room temperature. At 120 K, the e-h recombination rate
is significantly reduced, permitting the buildup of elec-
tron population in the m* band. We also note that the
emission intensity within the surface band gap is higher
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FIG. 7. Comparison of the ~-m* band gap for substrate tem-

peratures of 120 (dashed) and 300 K (solid), at a delay of 86 ps.

for the 300-K spectra than for those collected at 120 K.
Figure 7 displays spectra collected at a delay of 86 ps for
the two temperatures. The comparison was made at 86
ps in order to allow for equilibration of the electron pop-
ulations with the lattice. We note that the surface band

gap at 120 K is 40 meV wider than at 300 K. The in-

crease observed is in good agreement with temperature-
dependent electron-energy-loss-spectroscopy (EELS)
studies of the Ge(111)(2X1) surface. '~ As we will dis-

cuss, the widening of the surface band gap, and the
freezeout of optical phonons at 120 K, strongly affects
both the electron dynamics and e-h recombination at this
surface.

An additional observation concerns the time depen-
dence of the linewidth, shown in Fig. 8 for 120- and 300-
K lattice temperatures. We note that for both tempera-
tures, rapid cooling of the electron population occurs
within the first 5 ps, followed by a significantly slower
narrowing of the linewidth out to the latest delay times
studied. While the early time rapid linewidth changes are
due to cooling of the electron population, the longer time
scale narrowing is due to e-h recombination, which
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FIG. 8. Linewidth of the m* signal as a function of delay

time for120 (filled circles) and 300 K (open diamonds).
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FIG. 9. Normalized m* emission intensity as a function of
excite-probe delay time. Filled squares are from spectra collect-
ed with the sample at 300 K, while open squares are from the
same sample at 120 K. The curves are results from the model
calculation fits to the data, as discussed in the text.

lowers the quasi-Fermi level of the m.* population. The
apparent lattice temperature insensitivity of the intraval-
ley energy-loss rate at early times suggests that low-

energy acoustic-phonon emission is the dominant mecha-
nism here. At 120 K, while optical and energetic
longitudinal-acoustic-phonon emission and absorption is
significantly reduced, the lower-energy acoustic-phonon
population is essentially unaffected.

To check that the electrons we observe at the surface
did indeed originate from the bulk, we compared m* sig-
nal intensities for the excite pulse polarized first parallel
and then perpendicular to the chain direction. Optical
experiments have shown that perpendicular polarization
should result in significantly weaker surface absorption;
the signals we measured were unchanged, indicating that
the predominant photoexcitation of electrons occurs in
the bulk.

In order to monitor the rapid changes in the surface
population, we have plotted the normalized ~' emission
intensity as a function of the delay of the probe relative to
the excite pulse (Fig. 9) for lattice temperatures of 120
and 300 K. Only the first 40 ps are displayed, in order to
resolve the ultrafast relaxation and recombination pro-
cesses. In the 300-K scan, we note a rapid increase in in-
tensity near the overlap of the excite and probe pulses,
followed by a fast decay within the first 5-7 ps, and final-

ly a slowing of the population loss at later times. The ris-
ing edge results from the scattering of bulk electrons into
the n' band at -0.4 eV above the Jminimum (see Fig. 1,
bottom}. The subsequent n" decay suggests a rapid
recombination channel which depletes electrons from the
surface band. This may be contrasted with the same ex-
periment carried out at 120 K, also shown in Fig. 9.
Here the rising edge is not as sharp and the peak in popu-
lation occurs 2 ps later than for the 300-K scan. After
the peak population has been reached, the decay is sub-
stantially slower than for the room-temperature case.
The strong dependence of the population rise and decay
on temperature clearly indicates the involvement of an

e-ph scattering mechanism in both the population and
eventual decay of electrons in the n band. Based on the
data presented, and our knowledge of the Ge surface and
bulk band structure, we propose a model of the surface
electron dynamics which involves the coupling of bulk
conduction electrons to the surface-m* band by e-ph
scattering. The excited electron population then rapidly
cools to the m minimum, forming a degenerate electron
gas there. The decay of the surface population occurs as
n' electrons from the Jpoint recombine with holes at the
bulk I point, with the emission of energetic phonons
whose energies are on the order of the indirect band gap
between these two points (see Fig. 1).

In order to conclude that e-ph scattering couples elec-
trons between the surface and bulk as we have described,
we must consider all other candidate mechanisms which
may be responsible for our observations. Diffusion of
electrons into the Ge interior is ruled out, since the ~*
band is located within the bulk Ge band gap (see Fig. 1}.
Radiative recombination can be ruled out since this pro-
cess is independent of lattice temperature. Additionally,
photon emission requires nanoseconds or more, and is
further inhibited due to the rapid k-space separation of
electrons and holes (holes are observed to scatter out of
the m band in less than 7 ps after excitation). This rules
out recombination between the m' electrons and vr holes
as contributing significantly to the rapid decay we ob-
serve. Auger recombination is also unlikely, since this
process requires a carrier density of —10~'/cm3 and, im-
portantly, is lattice temperature independent. ' We also
rule out cleavage-induced defects on the time scale stud-
ied here. The overall reproducibility of our results indi-
cates the intrinsic nature of the relaxation and recom-
bination processes we observe. In measurements on the
analogous Si surface, '" defects were invoked to explain
the nanosecond time-scale dynamics, and it was shown
that the surface defect density affected the m' nanosecond
decay rates. We have also carried out experiments on the
Si(111)(2X1) surface, in an effort to compare the dynam-
ics of this surface with that of Ge. No significant decay
in the Si m' population was observed within the first 100
ps after excitation, in stark comparison with the large
population changes we observe for Ge.

A critical difference between the two systems may be
found in the energetic location of the surface states
within the bulk band gap. For Si, the m' band minimum
at J is 0.5 eV above the VBM. ' In Ge, we find this in-
direct band gap to be 0. 13+0.05 eV at 300 K, which is in
good agreement with both experimental ' and theoreti-
cal investigations. Further support for phonon-mediated
recombination may be found in electron-energy-loss spec-
troscopy (EELS) (Ref. 17) and theoretical studies of the
surface vibrational spectrum, ' ' which show the ex-
istence of energies (33—40-meV) optical phonons, similar
to those in the bulk. In addition, EELS,' scanning tun-
neling microscopy, and optical investigations reveal
band-edge broadening ranging from 40—100 meV at 300
K, which effectively reduces the indirect m.*-VBM band
gap even further. This broadening is due to bond-angle
fluctuations along the chains, and a small degree of disor-
der on the surface. Two additional effects also impact the
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surface dynamics. As discussed previously, a 40-meV in-
crease in the surface band gap was observed when the
sample was cooled to 120 K. The widening of the gap at
low temperatures (Fig. 7), in addition to phonon
freezeout, as we will discuss, can further inhibit the sur-
face electron population decay. A second consideration
involves our observation of surface band-gap renormal-
ization, which narrows the energy difference between the
~ and ~* states at high electron densities. The combina-
tion of the effects just described results in an indirect m*-

VBM band gap, comparable to an optical-phonon energy.
Such a phonon-assisted recombination process would be
exceptionally fast in the case of Ge, which possesses a
small indirect m.*-VBM band gap, and essentially nonex-
istent in Si, where the indirect gap is significantly larger,
in good agreement with our observations.

Importantly, a scattering process mediated by optical
phonons should display a dependence upon the lattice
temperature. This can be seen by inspection of the e-ph
deformation-potential scattering rate between valleys i
and j, givenby '

c} N, i, (z, t)
N, , (z, t}=G(z,t)+D, „ az2

where
T

G(z, t}=af(1—r)e ' sech
1 2 t

28' 8'

(2)

(3)

with boundary conditions imposed by surface scattering

and

c)N, (0, t)

c}z De&cg
N, (O, t) (4)

c}Ni,(0, t)
az

N, (t)
Nh(0, t) .

Dg7
(5)

The rate of change of the ~* population is given by

dependent e-ph scattering. The bulk electron and hole
diffusion is given by

R (k)=
2m.D;

I nBn(co, i )N(Ek bE,J +—fico,j )
Pm~ij

+[nBa(co;, )+1]N(Ek b,E, fico,—, )), —

c}N,(O, t) c)N~(O, t)
N «(t)=D, Di-

er c}z c}z
(6)

The temperature-dependent scattering and recombination
rates are

where D, is the deformation-potential constant, p is the
mass density, %co; is the phonon energy, hE; is the ener-

gy difference of the valley minima, and N (Fk b,; +fico; )—
is the final density of states of the band to which the elec-
tron scatters. Importantly, the scattering rate is propor-
tional to n Bz(co;J ) when a phonon is absorbed and
n BF (co;~ ) + 1 when a phonon is emitted, where

nil(co, j ) =(e "/kii T 1) ', the te—mperature-dependent
Bose-Einstein occupation probability. As a consequence,
at 120 K the optical-phonon absorption probability is
nearly zero, while the probability for emission is reduced
to nearly 1 from its 300-K value of 1.35. Hence, phonon
scattering from higher-lying bulk states, which feed the
~* band, is reduced, delaying the normalized peak inten-
sity to longer times, as we observe. Since, in our model,
emission of optical phonons is required to recombine sur-
face electrons and bulk holes, the freezeout of these pho-
nons would slow the rate of decay in the 120-K time scan.
This, when combined with the widened indirect band-gap
at 120 K, results in the distinct differences observed in
Fig. 9. Finally, the leveling out of the decay at longer
times is a consequence of the diffusion of bulk holes into
the Ge interior. Since the ~* electron-valence hole
recombination is bimolecular, when the availability of
holes at I is reduced, due to diffusion, we expect the de-
cay rate to slow significantly.

V. MODEL

The processes described above can be cast in a set of
model rate equations which include photoexcitation, bulk
electron and hole diffusion, temperature-dependent e-ph
scattering from the conduction band (CB) into the ir'
band and e-h recombination from the ~ minimum to the
bulk valence band (VB), mediated by temperature-

= (ri '(NaE+ 1)j,
r «v&= I12 '(T)(Naq+ 1) j

(7)

N„N&, and N + are the bulk electron, hole, and ~' elec-

tron densities, respectively. ~& z are the respective e-ph
scattering rates. 8' is the laser pulse width,

f=7X10' /cin is the photon flux, a=9X10/cm ' is
the Ge bulk absorption coefBcient at 1.76 eV, and r is the
surface reflectivity (-30%). Equation (2) describes the
electron and hole diffusion from the surface after excita-
tion with the excite laser pulse, detailed in Eq. (3). Here
the initial spatial density profile is an exponential, which
decays with distance from the surface. Equation (4) is a
boundary condition at the surface, which includes the
scattering of electrons into the m* band. 5z is the extinc-
tion length of the surface state, which has been set to 5 A
and represents the near-surface region over which an
electron can be "trapped" by the ~* band. Hence we can
interpret b,z/r «as a surface recombination velocity.

Equation (5) represents a boundary condition for the

holes similar to Eq. (4), with additional considerations.
The hole gradient at the surface is modified by the num-
ber of ~* electrons which, in our model, recombine with
holes at r. We therefore include a term, N «(t)/N «,

which is the fractional occupancy of the ~* band. The
product, N «(t)Nh(O, t), seen in Eq. (5), clearly exhibits

the "bimolecular" nature of the recombination. Equation
(6) gives the time dependence of the surface population in

terms of a difference between electron and hole currents.
Importantly, the rates ~& z are multiplied by the pho-

non emission term NBF+1 to include the temperature
dependence. The solutions to the coupled rate equations
were solved numerically and are shown in Fig. 9. Best
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fits to the data were found for diffusion coefficients

D, =100 cm /sec and D& =10 crn /sec and scattering
times r, =0.35+0.05 ps, ~2(300 K)=0.25+0.05 ps, and

r2(120 K)=1+0.1 ps. The significantly longer r2 scatter-
ing time at 120 K is a direct consequence of the widened
indirect band gap at this temperature which, in addition
to phonon freezeout, further reduces the e-h recombina-
tion rate. We point out here that, instead of an ambipo-
lar diffusion coefficient, we have used separate electron
and hole diffusion coefficients in the above equations.
These coefficients are in reasonable agreement with ex-
pectations for values extracted from mobility data for the
doping densities present in our samples. This approach
approximately accounts for the electrostatic effects due to
the time-dependent surface m'-electron population. A
more involved approach would include the solution of
Poisson's equation, but such a treatment would require
modeling a modified time-dependent variation of the
dielectric constant as an additional parameter, due to the
presence of the high-density e-h plasma. Instead, the at-
traction between the m' electrons and bulk holes is ac-
counted for in the hole difFusion coefficient.

We can use the results of the above calculation to
determine a surface recombination velocity. The scatter-
ing time v + represents the time required to "trap" an

electron which has approached the surface to within a
distance bz. Hence, lLz/v + represents a velocity, in

this case the surface recombination velocity, which we
calculate to be 2.0X105 cm/s at room temperature.
This represents a determination of a surface recombina-
tion velocity from direct knowledge of the detailed sur-
face scattering and trapping mechanisms. In addition, it
is in principle possible to calculate the deformation-
potential constant for the scattering processes discussed,
from our knowledge of the scattering times. While we es-
timate values from the above scattering times to be on the
order of —10 eV/cm, an accurate determination would
require careful consideration of the dimensional complex-
ities associated with electronic scattering between bulk
and surface states.

Our observations of the surface band-gap renormaliza-
tion are displayed in Fig. 10, where we observe a
significant narrowing of the band gap at early times, cor-
responding to high electron densities in the ~ band. At
later times, where the electron density has diminished, a
narrowing of the m.* emission on both high- and low-

energy (band-edge) sides was observed. While the high-
energy edge of the m* peak is an indication of cooling of
the electron gas and a loss of population, the changes of
the low-energy side result from a renormalization of the
surface band gap. In order to study this in greater detail,
we carried out a series of room-temperature measure-
ments beginning with the most highly excited surface
possible. Figure 10 shows a series of spectra collected at
various delay times (and hence n' populations) for an ex-
cite photon fluence of 780 LMJ/cm . In the region between
the m and n* peaks (band-gap region), we note, particu-
larly at early times ( t =2 ps), the appearance of
significant emission intensity. This emission intensity is
due to the downward shift of the m' band edge, concomi-
tant with an upward shift of the m band edge, i.e., a re-
normalization of the band edges. In addition, the m peak
intensity has diminished as a result of the shift of the
edge into the gap. At the later time of 11 ps, even though
the ~' peak amplitude is similar to that at 2 ps, the gap
has widened significantly due to a relaxation of the
respective band edges toward their unexcited positions.
At 68 ps, we observe a continued recovery of the m and
n' band edges, and the npeak in. tensity. These changes
are correlated with a decrease in the electron density
within the n' band. The transient changes observed in
the time sequence of Fig. 10 represent a renormalization
of the surface band gap due to the time-dependent carrier
population in the surface band.

A more systematic investigation of the renormalization
dependence upon surface carrier density was carried out
by analyzing photoemission spectra collected at delays
ranging from the earliest after excitation to times in ex-
cess of 60 ps. In order to determine the magnitude of the
band-gap narrowing with ~* electron density, the m.*

VI. BAND-GAP RENORMALIZATION

When a dense electron-hole plasma is formed in a semi-
conductor, electron-electron interactions lead to a nar-
rowing of the fundamental band gap. ' This renormal-
ization derives from the repulsive nature of electron ex-
change, due to Pauli exclusion, which leads to a larger
average electronic separation and a resultant energy
lowering. Renormalization of the fundamental gap is one
of a number of important dynamic effects which occur in
excited semiconductor systems, and has been studied ex-
tensively, and understood quantitatively, in three-
dimensional (3D) systems. " More recently, band-

gap renormalization has been investigated in two-
dimensional (2D) quantum-well systems, where it has
been shown that carrier confinement can result in larger
absolute band-gap shifts than those observed in 3D plas-
mas. In this section, we will discuss the first investi-
gations of band-gap renormalization in a one-dimensiona1
(1D) system.
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FIG. 10. Photoemission spectra of the Ge(111)(2X1)surface
collected at 300 K, and emission angle of 39', showing the re-
normalization of the ~-m. band gap. The excitation Quence was
780 pJ/cm . The energy zero is placed at the peak of the occu-
pied m state.
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photoemission intensity for various excitation Auences
was plotted as a function of delay time. Each data point
from this time scan was converted into a m' carrier densi-
ty. The renormalization of the gap was determined from
the corresponding spectrum by fitting Gaussian distribu-
tions to the m. and m* peaks, with emphasis placed upon
obtaining good fits to the band edges and emission inten-
sity within the band gap. This fitting procedure was used
since the true line shapes are a complicated combination
of dynamics and intrinsic broadenings which derive from
surface imperfections (disorder and bond-angle fiuctua-
tions) along the chain. Three time delay scans corre-
sponding to excitation intensities of 780, 420, and 130
tuJ/cm were analyzed in order to study the renormaliza-
tion over the widest possible dynamic range. The result-
ing band-gap change as a function of the surface electron
density is shown in Fig. 11. For the 78Q-tMJ/cm scan
(filled dots), the latest delay times which correspond to
the lowest electron densities merge with the open squares
which derive from the highest electron density (early
time) data points from the 42Q-luJ/cm scan. The band-

gap narrowing determined from the three data sets is
plotted in Fig. 11, as a function of electron density along
the chains. This was obtained from the division of the
surface electron density by the density of surface chains
(1.25X1Q /cm). The surface electron density was deter-
mined directly from the model calculations discussed in
the preceding section. These calculations have indicated
that approximately one-third of the electrons excited into
the bulk-Ge conduction band at the surface are scattered
into the m* surface state. As a check of the simulation,
the surface electron density of states near J was calculat-
ed with an effective mass of 0.28m, derived from inverse
photoemission measurements' and quasiparticle calcula-
tions. Good agreement between the model calculations
and this estimate was found. The equivalent surface den-
sities shown in Fig. 11 correspond to
3.5X1Q -9X1Q /cm

At present, we are aware of only one calculation which
evaluates the electron exchange energy as it applies to a

quasi-1D system, i.e., a quantum wire with cylindrical
symmetry. For such equations to be valid, the authors
have pointed out that the diameter of the cylinder must
be larger than the effective Bohr radius, which is -30 A
in Ge. Since an estimate of the effective "diameter" for a

0
m-bonded chain is only -5 A, a direct comparison of the
theory with our results is diScult. An added complica-
tion, not treated in the theory, is the interaction between
m.* and surface bulk electrons, which may be small due to
their rapid diffusion into the crystal. We do wish to point
out that, for our densities, a rough agreement is found in
the trend of the renormalization with density as well as
the absolute magnitude of the effect. It is clear that fur-
ther understanding of 1D band-gap renormalization will
benefit from continued theoretical exploration of ~ires of
smaller lateral dimension.
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VII. HOLE DYNAMICS

Inspection of Fig. 5 reveals a reduction in the ampli-
tude of the m peak during and after photoexcitation. Fig-
ure 12 displays the time dependence of the ~* electron
population in the upper frame [12(a)] and the time-
dependent change of the m peak amplitude in the lower
frame [12(b)]. The change in the amplitude was deter-
mined by subtraction of individual spectra at a given de-
lay time from a negative time spectrum. The negative
time spectrum corresponds to an unexcited surface. The
scatter in the data is due to the small changes in the ~
peak amplitude, combined with the subtraction of each
spectrum from that collected at negative delay. The
eventual recovery of the peak is observed to proceed in
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FIG. 11. Plot of the surface band-gap change as a function of
the surface electron density, for 1.76-eV excitation intensities of
780 (filled circles), 420 (open squares), and 130pJ/cm' (filled tri-
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FIG. 12. (a) Normalized ~* emission intensity as a function
of delay time for a substrate temperature of 120 K. (b) Percent
change of the ~ amplitude as a function of delay time. The
dashed curve is a guide to the eye.
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two steps, indicating two important time scales. At early
times, a rapid suppression and recovery of the ~ peak is
observed, occurring in a time nearly as short as the dura-
tion of the laser pulse. For times greater than 5-7 ps, a
much slower change occurs, but the decay rate is more
difficult to determine due to the scatter in the data. We
can understand the time dependence of Fig. 12(b) in the
following manner. The rapid early time behavior is due
to the creation of holes in the m band at the J point.
Holes are created directly by excitation of ~ electrons
into bulk states. In addition, valence-band holes are
created by absorption of the excite pulse, 0.4 eV below
the VBM (see Fig. 2). These holes can scatter into the m

state, analogous to the manner in which electrons scatter
from the bulk into the m' band. Since the ~-band max-
imum is energetically below the VBM, holes will rapidly
scatter back to the bulk valence band in an effort to lower
their energy. Hole-phonon scattering is extremely rap-
id, even at 120 K, where the low-energy acoustic-
phonon population is unaffected, due to the large
valence-band density of states, and as a result we observe
the rapid early time behavior shown in Fig. 12(b). The
much slower recovery for times greater than 5-7 ps may
be due to changes of the band edges associated with the
renormalization effects discussed in the preceding section.
These affects are density dependent and hence occur over
a longer time scale. Since in all experiments described in
this paper a 3-8 % reduction in the n. peak was observed,
presumably due to residual gas contamination effects ac-
cumulated over the duration of the time scan, we esti-
mate the maximum hole population to be -10—15 % of
the maximum electron population created in the ~' band.
These observations directly study the ultrafast dynamics
of holes at a surface.

dependent effects observed in the time dependence of the
population revealed the dominant role played by

electron-phonon interactions in coupling bulk and sur-
face electronic states. It was shown that the electron-
phonon interaction can drive optically excited bulk elec-
trons into the normally unoccupied m. surface state,
-0.4 eV above the surface band minimum at J. After
rapid cooling of the electron population, recombination
of these electrons with bulk valence-bands holes occurs.
This recombination rate is strongly reduced when the Ge
lattice is cooled to 120 K, and is due to the combination
of nearly complete optical-phonon freezeout as well as a
40-meV increase of the surface band gap at this tempera-
ture. A model was introduced which incorporated the
important scattering and diffusion processes, and 6ts to
the data yielded the relevant scattering times. These
times were in turn used to derive a surface recombination
velocity directly from our detailed knowledge of the
states and scattering mechanisms operating on this sur-
face.

Band-gap renormalization was observed on this surface
and the dependence upon density was investigated. Since
the surface reconstruction results in the formation of
one-dimensional atomic chains and band structure, our
investigations study the renormalization effect in a one-
dimensional system. Finally, hole dynamics were also in-
vestigated, and it was shown that hole residence times in
the m. band were extremely short, consistent with the ul-

trarapid valence-hole scattering rates. It is thought that
the scattering dynamics investigated in this work are
representative of, and can be generalized to, a host of
other systems, including other similar surfaces, epitaxial
heterostructures, and strained-layer superlattices in
which electron transport across interfaces is important.

VIII. CONCLUSIONS

Using angle-resolved subpicosecond laser photoemis-
sion, we have been able to explore in detail the e1ectron-
phonon scattering and energy-loss mechanisms which
govern the ultrafast-electron dynamics on the
Ge(111)(2X1) n.-bonded surface. Strong temperature-
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