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Subadditive femtosecond laser-induced electron emission from a GaAs tip
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Multiphoton emission of electrons has been observed from sharp tips of heavily p-doped GaAs caused by
laser pulses with, nominally, 800-nm wavelength, 1-nJ/pulse energy, and 90-fs duration. The emission is mostly
due to four-photon processes, with some contribution from three-photon absorption as well. When the electron
emission current due to two pulses separated by delay 200 fs < t < 1 ns is integrated over all electron energies,
it is less than that observed for the sum of the emission from the two individual pulses. This subadditive
behavior is consistent with a fast electron emission process, i.e., one in which the electron emission occurs
over a time comparable to the laser pulse width. The subadditivity results from Pauli blocking of electron
emission by the second pulse due to a population increase of the GaAs conduction band caused by the first
pulse. Such subadditive photoemission is a sensitive probe of excited-carrier dynamics. We employ the use of an
excited-level population model to characterize the photon absorption process and give us a clearer understanding
of the electron dynamics in GaAs associated with multiphoton electron emission. Possible applications of this
subadditivity effect to control photoemitted electron spin are discussed.
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I. INTRODUCTION

Gallium arsenide (GaAs) photoemitters have been studied
extensively due, in part, to their ability to produce polarized
electrons when optically pumped by continuous wave (CW)
circularly polarized light of nominal wavelength 800 nm
[1,2]. This wavelength causes direct band-gap transitions near
the I' point. Because of the relative excitation transition
probabilities for the upper-level spin states when circularly
polarized light is used, the electrons excited into the con-
duction band (CB) are spin polarized [1]. Figure 1 shows
a simplified potential energy diagram of a GaAs/vacuum
interface. In a simple multiphoton absorption model with
an electron affinity of approximately 4.5 eV, a valence band
(VB) electron absorbs one 800-nm photon (1.55 eV) to tra-
verse the band gap to the CB. Absorption of two or three
more photons provides an electron with energy greater than
the electron affinity so it can be directly emitted into the
vacuum. Laser pulses of femtosecond duration produced by a
mode-locked Ti:sapphire oscillator with a central wavelength
of 800 nm generally have enough intensity to make all these
processes viable.

In a groundbreaking experiment, Hommelhoff et al. used
a femtosecond laser to study photoemission from a tungsten
field emission tip (FET) [3]. This method was subsequently
shown to produce femtosecond electron pulses [4]. In the
latter study, using two temporally nonoverlapping laser pulses
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with a variable delay, it was shown that the electron emission
when both pulses were used was the same as the sum of the
emissions that each pulse produced individually and was thus
additive. If the two nonoverlapping pulses together emitted
more electrons than the sum of the individual pulses, they
were referred to as “superadditive” and it was shown that
this condition indicates a slow process where the electron
emission occurs on a time scale qualitatively longer than the
pulse widths themselves. It was also observed in Ref. [4] that
for time delays < 150 fs, when the two laser pulses were
temporally overlapped, they could emit more electrons than
would be obtained from summing the output of the individual
pulses separated by delays greater than 1 ns. This superaddi-
tive behavior, however, is the result not of a slow process but
of the constructive interference between the two overlapping
laser pulses that increases the rate of multiphoton emission.

In this paper, we employ techniques similar to those used
in the examination of FETs, but use a GaAs shard tip as the
photoemitter. Figure 2 shows such a shard, similar to the one
used in this experiment, that was used in previous work that
demonstrated polarized emission from GaAs using the sam-
ple’s tiplike features [5]. For GaAs with delays greater than
200 fs and less than 1 ns, however, we have now observed
that the two nonoverlapping pulses produce fewer electrons
combined than the sum of their individual emissions. This
phenomenon was not observed with tungsten tips. We refer
to it as “subadditivity” and show that it is consistent with
a fast electron emission process. In addition, we show that
subadditivity is consistent with the promotion of electrons
to the GaAs CB due to laser absorption, followed by Pauli
blocking of subsequent photon absorption.

Earlier experiments using scanning tunneling microscope
(STM) tips to monitor photocurrents from GaAs induced by
delayed femtosecond laser pulses have measured a similar
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FIG. 1. Pulsed electron multiphoton emission from the apex of a
GaAs tip (inset). Each photon has energy 7w, slightly larger than the
band-gap energy A between the valence band (VB) and conduction
band (CB) at the I" point. The electron can be emitted into the vac-
uum by exceeding the electron affinity ¢ of GaAs with multiphoton
absorption (red arrow) with enhanced emission from the skewed
vacuum potential (V) due to electric field effects. The band bending
at the surface is due to the p doping typically used for semiconductor
photocathodes.

subadditivity in the photocurrent for laser pulse delays of up to
600 ps [6,7]. Subadditivity in Refs. [6,7] was not investigated
further. By observing STM tunneling current during pump-
probe experiments in Ref. [7], it was determined that when
carriers excited by the first pulse remain in the excited state,
the absorption of the second pulse is suppressed. A lifetime
for the suppression effect of 440 ps was calculated, which
is comparable to the recombination lifetime of bulk-excited
electron-hole pairs. However, the emphasis of that experiment
was to show the capabilities of a new STM method and no
further modeling or experiments were conducted. A similar
effect has also been seen in two-photon direct electron emis-
sion from Si by an intense laser pulse [8]. If this “probe” pulse
was preceded by < 1 ns with a pump pulse with just enough
energy to promote VB electrons to the CB, a reduction of the
electron emission rate was observed.

To our knowledge, the experiments reported here are the
first to observe subadditive effects in direct multiphoton ion-
ization of GaAs. They differ from the Si studies [8] in that they
probe only direct band-gap excitation into the CB, making the
interpretation and modeling of our results simpler. They are
also very sensitive, in that the total electron yield varies by
as much as 40%, depending on the pump-probe delay, which
is comparable to the largest effects observed in a variety of
reflection and transmission pump-probe experiments involv-
ing GaAs and its stochastic variants [7,9-22]. Our results are
consistent with a simple model of the laser-induced direct
band-gap transitions in which the subadditive effect is the re-
sult of Pauli blocking caused by the pump laser’s excitation of
VB electrons, and suggests a strong suppression mechanism
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FIG. 2. SEM image of a GaAs shard [5]. The submicron emis-
sion sites are located at various points on the shard but primarily
towards the apex of the tip. The subadditive behavior occurs primar-
ily for light incident towards the bulk of the shard, as opposed to the
sharp features at the apex of the tip.

for the emission of electrons through saturation of the CB. Our
observation of this type of suppression of the emission of elec-
trons from GaAs compliments the many optical studies using
similar pump/probe techniques. This suppression of emission
following direct band-gap excitation has the potential to allow
additional control of the excited and emitted electrons’ spin
polarization.

II. EXPERIMENT

Broken shards from bulk crystals of 0.3-mm-thick, Zn-
doped p-type (100) orientation GaAs (Crystal Specialists)
with dopant carrier concentrations of ~2 x 10! cm™ were
used in these experiments. In a first experiment, we used
a femtosecond oscillator (KMLabs Griffin) with a nominal
wavelength of 800 nm, 30-nm full width at half maximum
(FWHM) bandwidth, and 1 nJ/pulse at 90 MHz. These pa-
rameters were measured by a combination of a spectrum
analyzer (Photon Control), measured power, and intensity
read from a fast photodiode which is incorporated in the
Griffin optics. We determined that the laser pulse duration
is approximately 90 fs, based on the pump-probe analysis
outlined below. This is consistent with the standard output
parameters for oscillators of this type and is slightly larger
than that expected for a transform-limited pulse.

The basic setup for our first experiment is shown in
Fig. 3(a). The laser pulses pass through an interferometer that
splits them in two. One path is adjustable in length providing
spatial and hence temporal separation between the two pulses.
The path contains a piezoelectric translation stage which al-
lows delays up to 70 fs and a micrometer-driven stage for
delays up to 300 ps. These stages in turn are mounted on a
rail that can provide delays greater than 1 ns. The two beams
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FIG. 3. Schematic of the experimental setups. (a) Pulses from a
Ti:sapphire oscillator are split spatially by a Mach-Zender interfer-
ometer and delayed by 7 to produce the pump and probe pulses. The
beam power is adjusted with a half wave plate (1/2) and a linear
polarizer (LP). A lens in vacuum then focuses the pulses onto the
GaAs tip with a & 50-um focal spot radius. The emitted electrons
are then counted by a channel electron multiplier (CEM). (b) Pulses
from a Ti:sapphire oscillator are aligned with a CW beam of 800-nm
light using a beam splitting cube (BS). The experiment had a fixed
optional delay (r = 2 ps) stage which was used to collect the data
shown in Fig. 4. These beams are directed by an off-axis parabolic
mirror (OPM) to the GaAs tip achieving a focal spot size of ~ 5 um.
Emitted electrons are subsequently counted by a CEM.

travel along different paths and are subsequently recombined
collinearly. For large adjustments to the delay arm, the beams
were verified to be collinear with a position sensitive detec-
tor (On-Trak OT301). The recombined beam had an average
power of 50-100 mW, set by a A/2 retarder followed by a
linear polarizer with a polarization angle aligned with the axis
of the tip. It was sent into the vacuum chamber where it passed
through a 3.8-cm focal-length lens that focused it down to a
~ 50-wm radius spot.

The GaAs sample is mounted on a three-dimensional trans-
lation stage so that it can be moved into and out of the laser
focus. How close the sample is to the focus can be determined
by looking at the beam after it traverses the chamber and exits
through another window. The GaAs tip will partially block
the beam, and it can be determined how close to the focus
it is by the shadow that it casts on the projection of the beam
spot. When in the focus, interference fringes due to diffraction
from the crystal edge can be seen. A channel electron mul-
tiplier (CEM) sits 2.5 cm from the GaAs. A typical voltage
drop from the CEM to the GaAs of 400 V (corresponding to
—200 V on the crystal and 4200 V on the CEM) was used
to efficiently collect all of the emitted electrons. Potential
differences larger than this did not significantly increase the
count rates observed.

To minimize the effect of long-term drift in the count rates,
an automated system switched the laser pulse configuration
after each electron counting interval. This was accomplished
by two stepper motors attached to beam blocks that could be
rotated in and out of the two beam paths in the interferometer.
Additivity measurements of the electrons emitted by the pump
and probe beams involved first having both beams hit the
target and counting electrons for 1-10 s, depending on the
desired statistical uncertainty. The first beam was then blocked
and electrons emitted by the second beam were counted for
the same amount of time. Data were then taken with the
second beam blocked and the first unblocked. This process
was repeated five times for each pump/probe delay. Back-
ground count rates were checked on the first and last cycle
by blocking both beams.

In a second experimental setup, an 800-nm CW laser
beam (New Focus Vortex) was aligned to be collinear with a
Ti:sapphire oscillator pulsed beam (Spectra-Physics Tsunami)
similar to that employed in the first experiment. The setup for
this experiment is shown in Fig. 3(b). The oscillator pulses
had a nominal duration of 100 fs, a central wavelength of
800 nm, and a 45-nm FWHM bandwidth, as measured by a
frequency-resolved-optical gate (FROG). Its average power
was typically 30 mW. Both beams were linearly polarized
with polarization angles aligned with the axis of the tip. An
off-axis parabolic mirror in the vacuum chamber was used to
focus both beams onto the GaAs with a & 5-um-diameter spot
size. Additionally, a balanced Mach-Zehnder interferometer
allowed for pump-probe scans with delays up to +/ — 10 ps
(Thorlabs PE4).

III. RESULTS

To examine the subadditive nature of multiphoton emission
from GaAs, we define an additivity ratio,
Ry — R — Ry
R(r) = Rtk ey
where Rj>, Ry, and R, are the electron count rates for when
both pulses, the pump pulse, or the probe pulse, respectively,
are incident on the crystal. In the first case, the time delay
between the two pulses is . The electron emission process is
additive when R(7) = 0, superadditive when R(7) > 0, and
subadditive when R(t) < 0.

Since the emission process requires at least three photons,
the emission is most likely to occur for locations in the focus
where the intensity is the highest. We found that the subad-
ditive effect occurred predominantly when the GaAs tip was
in the laser’s focal plane with an overlap of about 3 um or
about half of the laser’s total diameter (Fig. 4). The data of
Fig. 4 were taken with a pump-probe delay of 2 ps, which is
roughly (on a log scale) in the middle of the temporal delay
region for which subadditivity is observed (see Fig. 5). These
data were obtained using the setup shown in Fig. 3(b) with a
fixed delay arm added and no CW laser. As the tip is moved
deeper into the focus, the photoemission rate peaked and then
fell to very low levels, indicating that while the free electron
production process is associated with bulk material, these free
electrons are most readily emitted in the vicinity of the tip,
where surface fields are much higher [3].
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FIG. 4. Electron emission rates for the individual and combined
beams and the additivity ratio, R(t = 2 ps), as defined by Eq. (1),
vs the position of the laser’s focal spots on the GaAs tip. (a) Electron
counts obtained from the pump (magenta open circles), probe (green
circles), and both (black squares) beams incident on the sample, for
approximately 9 mW of incident power per beam. The z = 0 position
is taken to be the axial coordinate of the tip when electron emission is
first observed, although, given the nonlinearity of the photoemission
process, this position may still be associated with a significant photon
flux. (b) R(r = 2 ps) vs position. When the tip is translated further
into the focus, the subadditive effect becomes stronger. This suggests
that the cause of subadditive emission is due to processes occurring
within the bulk of the tip samples. These data were taken using the
apparatus shown in Fig. 3(b).

For small t < 100 fs, the laser pulses largely overlap in
time where they constructively and destructively interfere,
resulting in a rapidly oscillating count rate as seen in Fig. 6.
When these pulses interfere maximally R(t) can be as large
as 7, 31, and 127 for a two-, three-, or four-photon process
respectively. The data shown in Fig. 6 thus appear to be most
consistent with a three-photon process. Our model incorpo-
rates both three- and four-photon processes that simulate the
data well. Justification of the inclusion of these dual processes
and how they are implemented in the model is discussed later
in the text. For longer time delays between 200 fs and 1 ns,
R(7) becomes negative, stays negative, and then approaches
zero, as shown in Fig. 5. We show below that the time structure
of this subadditivity is the result of a combination of elec-
tron thermalization and electron-hole recombination rates in
GaAs.

A second experiment [Fig. 3(b)] was carried out using a
CW laser and a pulsed laser. We define the CW additivity
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FIG. 5. R(r) for v > 100 fs. The experimental data (black),
taken with the apparatus shown in Fig. 3(a), are compared to our
model calculations with (red dotted) and without (blue dashed) the
Pauli blocking term. The subadditive dip begins at T = 200 fs and
persists until 1 ns. The inclusion of Pauli blocking is essential to
describe the subadditive effect for these data.

ratio as

RCW = Ron Roff ’ (2)
Roff

where R,, (Rofr) is the emission rate when the pulsed laser
is on and the CW laser is on (off). The experimental data of
Fig. 7 show that Rcw is essentially linearly dependent on CW
power. This indicates that the population of the CB must affect
Rew as the CW beam can only excite electrons across the
band gap.

IV. MODEL

We discuss here a model that describes the multiphoton
emission of electrons from the GaAs VB into the vacuum.
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FIG. 6. An autocorrelation curve, taken with the apparatus
shown in Fig. 3(a), for R(r) when t < 100 fs and the pump and
probe pulses overlap in time and space. Our model results (discussed
in Sec. IV) have a somewhat larger amplitude than the data when
Pauli blocking is included. When Pauli blocking is excluded (not
shown due to scale), the peak amplitude reaches a value of 80.
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FIG. 7. The additivity ratio Rcw for the combination of pulsed
and 800-nm CW laser beams incident on the GaAs sample, measured
with the apparatus shown in Fig. 3(b). As the CW laser power is
increased, the emission due to the pulsed beam decreases in a quasi-
linear fashion. The blue dashed curve shows the model’s prediction
when Pauli blocking is excluded.

We have tried to keep it as simple as possible while still
including all of the physical processes necessary to compre-
hensively and consistently describe the subadditive effects we
observe. What appear to be nonessential processes, interac-
tions, or mathematical descriptions that provide only marginal
improvements of the model’s fits to the data have been ignored
in this first-order approach. The neglected processes and their
influence on our results are discussed, where appropriate,
throughout the section.

The model is based on 2N + 1 coupled population levels
of the GaAs bulk and vacuum, as shown in Fig. 8. The single
pulse electron emission was observed to depend on the fourth
power of intensity in experiments related to this paper, but in
our model we have assumed both three- and four-photon ab-
sorption in the emission rate calculations [23]. In general, the
photon order of a nonlinear process can be determined from
autocorrelation curves like that shown in Fig. 6 by examining
the ratio of the peak widths and the peak-to-peak separation.
The experimental data in Fig. 6 show ratios that are con-
sistent with both four- and three-photon emission processes.
The energetically accessible N = 28 VB population sublevels
(nyB,1 - ..nyp2g) are allowed to be directly excited to N = 28
CB population sublevels (ncg 1 - . . ncp,28) after absorbing one
photon, or to be excited to the vacuum population level (ny)
through the virtual states (*) through three- or four-photon
absorption. Electrons can also be excited into the vacuum level
from the CB levels through the virtual states after absorbing
two or three photons. Our model ignores indirect phonon-
coupled processes.

The transitions to the CB population levels are governed by
the incident photon energy distribution, where the transition
to the ith sublevel corresponds to photons with the required
energy, E, ;, for such an excitation. The photoexcitation rates
for each sublevel include a multiplicative factor, «; (Fig. 9),
as the fraction of photons in the laser pulse that have the
appropriate energy to excite a direct transition from the VB
sublevel nyp; to the CB sublevel ncp; (Fig. 8). All of the
pulsed-laser photons can directly excite one of the partitioned
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FIG. 8. Energy level diagram relevant for subadditive multi-
photon emission from GaAs. Laser pulses drive single photon
direct transitions (red arrows) from energetically accessible regions
of the valence band (VB) having N = 28 population sublevels
nve.1, VB2, - - - » NyB 28 to the corresponding regions of the conduc-
tion band (CB) with energies ranging from —Eyg min to E = 0, where
Evp min corresponds to the lowest energy accessible as determined
by the energy bounds in the pulse’s photon distribution (see Fig. 9).
The CB has sublevel populations ncp 1, ficB.2, - - - , BcB.2s, With the
maximum energies of the CB subband populations Ecg; given by
Ecp; = Ecp,o + i6E, where Ecg o = 1.34 eV is the band-gap energy
and §E = 0.0125 eV. Electrons from higher-energy CB sublevels
(ncp;) can thermalize (green arrows) into lower-energy sublevels
(ncp.i—1). The VB sublevels thermalize in a similar manner with
nyg,i+1 lying at a lower energy than nyg ;. Electrons can fill the energy
states of the CB until a threshold value unique to each level, Ncg ;, is
reached (see Fig. 9). Similarly, the VB sublevels start at a maximal
value Nyg; and can be replenished through diffusion (black arrow),
thermalization (green arrows), or electron-hole recombination (blue
arrows). Electrons are emitted after the absorption of two or three
additional photons (dashed red arrows) through one or two virtual
states () into the vacuum state (ny) for the three- and four-photon
emission processes.

energy levels of the CB, but the majority of them cause
transitions in the energy range of 1.45-1.66 eV with 1.34 eV
being the energy of the transition at the k = O I" point. (The
I'-point gap is 80 meV less than that of pure GaAs because
of the large p-doping concentrations of the GaAs crystal used
in this paper [24].) The number of sublevels, N, was chosen
to be 28, which represents a compromise between accurate
representation of the energy distribution of the incident photon
pulses, the density-of-states variation with energy in the CB,
and computational tractability.

The stimulated emission and multiphoton excitation prob-
abilities also depend on the time-dependent factors y and
w,, r, where o and f indicate the initial and final states of the
transition. These factors will be described below. Each CB
sublevel can also gain electrons from immediately adjacent
higher-energy CB states through a thermalization process,
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FIG. 9. A normalized discrete Gaussian distribution (blue), rep-
resenting the photon energy distribution of a pulse of light centered
at A = 800 nm with a FWHM of 30 nm, and a histogram of the
maximum population values Ncg; for the CB sublevels with their
corresponding indices, i = 1-28 (red; see text). The orange solid
line shows the minimum band-gap energy necessary for transitions
to the CB from the VB, and the magenta dotted line shows the CW
laser energy which coincides with the center wavelength of the laser
pulses. The N = 28 bins are used to estimate the fraction of photons,
a;, with energy E, ;, that are capable of directly exciting electrons
from the VB to the CB sublevels with the required amount of energy
(see Fig. 8). Photon populations in the pulse’s “wings” (bins 1-11
and 26-28) are small but non-negligible. The energy values from
the photon energy distribution are used in Eq. (7) to estimate the
maximum population values, Ncg ;, for each sublevel population.

or lose electrons to immediately adjacent lower-energy
CB states by thermalization or to the VB via sponta-
neous or photon-stimulated electron-hole recombination. The
thermalization rate, I'cg 7, which depends on the frequency

J

dnyg
dt

of excited electron collisions with other electrons or the
GaAs lattice (phonon production and scattering), has a best
fit value of 33 ns~! for the data shown in Figs. 5 and 7.
This corresponds to a thermalization lifetime of 30 ps and
is significantly larger than those measured in many previous
pump/probe reflection/transmission measurements, but is es-
sential to obtain agreement with the data of Figs. 5 and 7
[10-20]. We note, however, that a longer lifetime of 100 ps
has been observed for energetic electron decay within the CB
of cold-grown GaAs [25,26]. This reduced interaction gives a
smaller cooling rate resulting in photoinjected electrons tak-
ing longer to equilibrate to lattice temperatures. Additionally,
with the GaAs tip at room temperature and with excitation
energies higher than the CB minimum, the thermalization of
electrons will contribute to the phonon bath which could in
turn excite electrons, increasing the thermalization lifetime
[18]. With LO phonons in GaAs having a typical energy
of about 36 meV and our CB sublevels having a width of
12.5 meV, electrons decaying from high-energy states to low-
energy states would actually cross multiple levels [10]. In our
nearest-neighbor transition model, this effect is accounted for
in the value of I'cg r. All transitions or decays to the CB
sublevels are suppressed by a population dependent factor
f(n;) that quantifies the blocking effect of the Pauli exclusion
principle described below.

Similarly to the CB, each VB sublevel can gain elec-
trons from nearest-neighbor sublevel populations via hole
thermalization with rate I'yg 7, or from the bulk through
hole diffusion with rate I'p. The values of I'vgr and I'p
are obtained from the literature with values 8 and 0.7 ps~!
respectively [21,27]. The VB (CB) also gains (loses) elec-
trons through electron-hole recombination, with a fitted value
of ' = 1 ns™!, in close agreement with other calculated
values [7,9,10,17]. A summary of the terms included in
the rate equations and their physical significance is given
in Table I with a detailed discussion of their formulation
below.

The rate equations for the ith VB and CB sublevel popula-
tion as well as the vacuum population level are

= —wyp,y v, @; f(nce,:) — yo; nye,; f(nce,) + vo;nes,; f(nve,i) + 1T nce,; f(nve,;) +T'p (Nys,; — nvs,;)

+ Ty rlnvei—1 f(nve,i)(1 — 8 n) — nve,; f(nvei+1)(1 —8;1)], (3a)

d”CB,i
dt

= wv,v Hce,i & f(nes,i) — wes,v nes,i + v nve,i f(nesi) — yoi nes,i f(nve,;) — Tnce,i f(nve,i)

+ e, rlncs,iv1 f(nes,i)(1 — 8;n) — new,i f(nep,i—1)(A — ;1)1 (3b)

N N
d
and % = wyB,vNVB (; Olif(ni)) + wce,v ;nh

where §;; is the Kronecker delta function and is included to
correct the thermalization terms at the highest- and lowest-
energy population sublevels.

We assume an equivalent cross-sectional value for all
single photoexcitations in the system. The single photon

(30

(
absorption rate is described by
Y = A[Epump(t) + Eprobe(t - t)]z’ “)

where A is a constant that incorporates, among other con-
stants, the photon flux and the single photoexcitation cross
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TABLE I. Rate terms that construct the 2N + 1 rates of Eq. (3). These terms exist in Eq. (3) as either an addition or subtraction to the
population rate equations. The individual factors given in these terms are explained in the text.

Rate term

Description

WVB,V ”VB,i(Z?I:I a; f(n;))
y nve,; o f (nce.i)

Y O NcB,i

WcB,v NCB,i

[ negi

Ces.r nes.i f(nesi-1)
Cyg,r nve,i f(nyB,it1)
Ly (Nvp,i — nve,i)

Multiphoton excitation from nyg ; to ny

Single photon excitation from nyg ; to ncp ;

Stimulated emission from ncg ; to nyp ;

Multiphoton excitation from ncg ; to ny

Electron-hole recombination from ncg ; to nyg ;
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Hole diffusion into the bulk from nyg ;

section. The explicit time dependence of y is given by the
square of the sum of the dimensionless electric field terms,
Epump and Eppe, €ach having the same amplitude. These have

the chirped Gaussian form exp(—z’a—zz) cos(w.t + bt?), where

o; is the temporal width of the Gaussian profile pulse at
half maximum, w, is its central frequency corresponding to
a central wavelength of 800 nm, and b is a linear chirp coeffi-
cient. The chirp coefficient (b = 3.41 x 10%0 s72) is included
to obtain a better fit to the data for T < 200 fs (Figs. 5 and
6) when the pulses overlap and shortly after, but does not
significantly affect the model results for T > 200 fs shown in
Fig. 5. In our model, y describes the single photon excitation
rate as well as the rate of stimulated decay. We then can write
the multiphoton absorption rates as [28]

wypy = By ALt} + ky At (5a)
and wepy = (By 12 +xy /X, (5b)

where 7, is the lifetime of the transient state *; At is the
laser pulse duration, 90 fs; and 8 and « are proportionality
constants for four- and three-photon emission rates with val-
ues of 0.997 and 0.003 respectively. Both 8 and « are fitted
to maximize agreement with the experimental data in Fig. 6.
It was found that the three-photon process contributes little
to the overall emission. The factor x is a heuristic constant
in order to obtain agreement for the data in Fig. 5; without
it the overall additivity ratio increases positively both with
and without Pauli blocking. We find the best fit to the data
of Fig. 5 with y = 4.7. The value of t, is estimated through
the uncertainty principle to be i/E,, with E,, = 1.55 eV, so
7, = 0.4 fs. To accurately describe the resonantly enhanced
emission process, At is used for the transient lifetime of the
CB in Eq. (5a), since a CB electron is only limited to the dura-
tion of the laser pulse for further excitation [29]. Higher-lying
CB states of GaAs have been predicted, assuming an infinite
crystal, to exist at the I point about 4.5 eV above the top of the
VB [30]. Their exact character, though, is unclear given that
in a real crystal they would be indistinguishable from some
combination of surface states. We attempted to include such
a real level in our model, but it led to a variety of results that
bore no resemblance to our experimental data.

The effect of Pauli blocking on any population increases
to the CB and VB sublevels and is included in the model
by considering a linear population-dependent function, f(n;),
that increasingly blocks excitation or decay to the ith sublevel

as n; reaches a maximum population value Ncg ; for the CB
and Nyg; for the VB: f(nce,vB,i) = (1 — nceyvB,i/NcB/vB,i)-
As the CB or VB sublevel populations increase, the number
of available states decreases by a factor of ncp/vs,i/NcB/vB,i
which limits the probability of a transition. Only the sup-
pression terms for the CB are removed for cases where Pauli
blocking is absent from the model (see Figs. 5 and 7).

The value of Ncg; is estimated as the maximum carrier
density in each CB sublevel taken from the filled-hole density
(Nyg,;) in the VB sublevel, with explicit forms of [31]

mzl/Bz Ecpo—Ecs,i
_/ dE\/—2(E — Ecp,0 + Ecg.i)

Nyg,i =
h3772 Ecpo—Ecs,i+1
(6)
and
mé/é EcB,it1
Ncg.i = 3—2/ dE\/2(E — Ecs.i), (N
h T E.

CB,i

where Ecp o is the band-gap energy at the I" point. The bounds
of integration for Egs. (6) and (7) are determined by the range
of photon energies that can excite the ith CB sublevel from the
energetically available ith VB sublevel (see Figs. 8 and 9). The
CB and VB carrier masses are given as mcg = 0.066 m, and
mf,/Bz = mi/Hz + m:{/é , where myy and myy are the heavy-hole
and light-hole masses and are taken to be 0.6 m, and 0.07 m,
respectively [22]. The 28 CB sublevel population maxima
are shown in Fig. 9. The initial VB sublevel populations are
calculated in a similar manner with sublevel energy ranges
decreasing with increasing index.

The use of Pauli blocking to describe suppression has been
considered extensively elsewhere in the context of electronic
excitation in semiconductors (see, e.g., Refs. [7,8,32]). The
Pauli blocking term f(n;) is essential to describe the sub-
additive effect we observe for the data of Figs. 5-7. When
this term is neglected in the model, the subadditive effect is
completely eliminated and actually becomes superadditive,
as seen in Fig. 5. We also note that the number density of
free electrons excited by each laser pulse, as inferred from
Fig. 10, is of the order of 10'” cm~3, which is comparable to
the densities considered in other work [13,15,16,33].

The behavior of the CB sublevel populations is influenced
by the various decays and excitations that occur, with their
cumulative effects shown in Fig. 10. The population increase
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FIG. 10. The top four plots show various CB sublevel popula-
tions over increasing time scales with both the pump and probe
pulses causing excitations. Each plot is for a different time delay
ranging between 100 and 5 x 10° fs. The various decay dynamics of
the CB sublevel populations can be seen for all the time delays. The
CB sublevels reach maximum values and start to decay as electrons
recombine with holes in the VB as well as thermalize into lower-
energy CB sublevels. The maximum values for Ncg 13 and Ncg | are
indicated by the horizontal black lines. The bottom plot shows the
Nyg, 15 population level for comparison with the 5 x 10* fs time delay
plot immediately above it.

due to photon absorption is largest for the ncp 13 population
and decreases for sublevels further away in energy, as is ex-
pected with the photon distribution factors «; shown in Fig. 9.
While the population increase due to absorption is roughly
symmetric about the ncp, 13 population, the population values
for delays 20 ps become more asymmetric due to thermal-
ization in the CB. Populations at these intermediate delay
times are largely governed by the thermalization and electron-
hole recombination rates, whose values strongly affect the
model predictions for the shape of the subadditivity curve
for delay times > 1 x 10* fs in Fig. 5. Longer thermalization
lifetimes extend the subadditive behavior beyond t > 1 ns.
The VB population for the i = 18 sublevel is shown in Fig. 10
and demonstrates that the most extreme decrease in the VB
sublevel populations is about 5%.

The constant A introduced in Eq. (4) can be estimated by
using a photon flux distribution that produces the observed
electron count rate R, for a single pulse incident on the GaAs
sample in the experimental setup shown in Fig. 3(a). The
photon flux is determined from the measured laser pulse en-
ergy and an estimation of the total area of our GaAs sample
that is under laser illumination. The measured average pow-
ers of our pump and probe beams in the pulsed experiment
were between 50 and 100 mW which, for our oscillator op-
erating at a repetition rate of 90 MHz, gives a pulse energy
of Epuse = 0.6-1.2 nJ. The total number of photons in each
pulse is estimated by M = Epus/hw, where hw = 1.55 eV
for 800-nm light. The beam area is nwg /2, where w, is the

waist diameter of a Gaussian beam at the focus, measured to
be 50 um. However, as the GaAs tip does not intercept every
photon in the beam, emission proceeds from particularly sharp
“hot spots” at the apex [5]. To account for this, the beam area
is adjusted to 1% of its nominal value resulting in an effective
area Aqr = 8.5 x 1072 cm?, and the effective number of pho-
tons per pulse, Mg, is computed with respect to that portion
of the beam. With this A.¢, an initial VB electron density
o of 9.5 x 10'® cm™3 [34], and a photon penetration depth
8 of 0.75 um [35], the initial number of electrons available
for excitation is approximately R, = A¢ép = 6.1 x 10°. The
yield of emitted electrons is then estimated from the ratio
of the electron count rate to the repetition rate of the laser
and varies from 10! to 1073 electrons per laser pulse. The
four-photon ionization process from the VB is much more
significant than the multiphoton processes of three-photon
ionization from the VB and ionization from the CB due to
the factor « and the relatively low population value of the CB
sublevels respectively (see Fig. 10).
The observed single-pulse electron emission rate is thus

R, = Ro/ dt wypy. (8)
pulse

Using Eqgs. (5b) and (4), we find the estimate of A to be

©))

oMy 1
= 2’

Aett /0,

where o is the estimated cross-sectional value for single
photon absorption. Using Egs. (5b), (8), and (9) where only
four-photon processes and the values of the constants therein
are considered, the value of o is estimated to range between
4 — 22 x 10?? cm?, yielding values of A ranging from 0.3 —
3.8 x 10!s71,

When implementing the model, the best fit for the subaddi-
tive data represented in Fig. 5 occurred for a model coefficient
A =2.4x 10" s~!, This is much larger than the above esti-
mates but is necessary to achieve the large subadditive depth
seen in Fig. 5. With larger or smaller values of A the depth
of the subadditive effect becomes stronger or weaker respec-
tively. Similarly, for the short delays seen in Fig. 6, the value
of A affects the value of the peak amplitude when the pulses
temporally overlap. While both attributes are affected by the
value of A, R(t) for 200 fs < 7 < 1 ns is most sensitive to
this constant. Additionally, when Pauli blocking is removed
the model predicts extremely large additivity ratios at the peak
amplitude with a value of 80. This is less than the theoretical
value for a four-photon process, 127, which can be attributed
to a partial bleaching of the valence band. The large difference
in amplitudes shows the importance of Pauli blocking in the
CB sublevel states.

To model the data shown in Fig. 7, we include the one
photon excitation rate due to the CW laser:

wcw = AcwPcw, (10)

where Acw is a constant and Pcw is the measured CW
laser power. The CW laser photon energy of 1.55eV ex-
cites electrons from the VB to the i = 18 sublevel of the
CB in our model. Thus stimulated decay from the CB
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due to the CW laser occurs for this level. These addi-
tional rates modify Eq. (3a) with a subtraction and addition
of wcwnvs,18f (ncs,18) and wcwncs, 18 (nve,18) respectively,
with corresponding changes to the rate equation for the i = 18
CB sublevel population. The value of Acw is estimated as
(1 x 107®* mW~1)A to provide the best fit with the experi-
mental data shown in Fig. 7. The data in Fig. 7 are simulated
by considering excitation from two pulses separated by 11 ns
which corresponds to the repetition rate of the pulsed laser
while the CW excitation occurs. Without the Pauli blocking
term, Rcw increases but at a small rate with a maximum value
of 8 x 107*. The model-predicted values of Rcw are heavily
influenced by nearly all of the fitted parameters in our model
with the shape of the curve being primarily affected by I'cp 7
and ACW .

The effects of the thermalization and diffusion of holes in
the VB have a very weak effect on the model results. As indi-
cated in Fig. 10, the VB sublevel populations do not diminish
appreciably, with roughly a 5% decrease for the nyg 13 sub-
level population where the photon distribution has a maximum
number of photons. Other sublevels exhibit smaller maximal
decreases. Thus bleaching of the VB is not a significant factor
in the reduced emission of electrons predicted by the model.
This is clearly indicated by the lack of subadditivity when
Pauli blocking is removed from the model for long time delays
as seen in Fig. 5, as well as by the effect of Pauli blocking on
the population of the CB sublevels as seen in Fig. 10.

V. DISCUSSION AND CONCLUSION

Figure 5 illustrates nicely the transition of GaAs multi-
photon electron emission from a condition of superadditivity,
corresponding to short time delays where the pump and probe
laser pulses overlap and interfere constructively, to subad-
ditivity at longer time delays, where photoemission caused
by the probe pulse is reduced by Pauli blocking by the CB.
Without Pauli blocking, our model predicts superadditivity
(R > 0) of the photoemission for delays greater than 200 fs.
This is different from results for W tips [4], in which additive
electron emission was observed for delay times corresponding
to no laser pulse overlap. Such additivity implies that the
electron pulses are emitted independently of each other, and
are of comparable duration to the photon pulses. As such,
the emission process is fast. The subadditivity due to Pauli
blocking in our case demonstrates that the emitted electron
pulses are independent and the emission process is fast as
well. Since Pauli blocking is not operational in the W case,
those results were additive for the largest time delays they
investigated: 175 fs.

The photoelectron emission from GaAs exhibits subaddi-
tive behavior for time delays of the pump and probe pulses
from 200 fs up to 1 ns. Pump/probe analysis of multipho-
ton emission from GaAs has not been carried out to date
and complements the many optical studies using pump/probe
techniques [7,9-22]. While similar to the work in Ref. [8],
where large effects in the reduction of electron emission in
silicon were seen over a limited range of electron emission
energies, our experiments demonstrate emission reduction as
large as 40% for the total electron yield. The superadditive
and subadditive behaviors we observe are modeled with good

qualitative agreement assuming direct electronic excitation
of bulk GaAs, taking into account multiphoton excitation,
electron-phonon and/or electron-electron thermalization, and
spontaneous and stimulated decay of the excited CB electrons.
We infer from this that the subadditive effect in multiphoton
emission is due to the inhibition of excitation from the VB due
primarily to Pauli blocking by electrons excited to the CB by
the pump pulse.

This subadditive effect could possibly be explained by
other means as well. One such method is surface photovolt-
age (SPV) effects. The SPV effect is a well-known method
of studying surface and bulk electronic-state information in
semiconducting materials by producing photoexcited elec-
trons and measuring the induced surface voltage changes at
surface-vacuum and semiconductor-metal interfaces [36]. The
theory of SPV effects provides an excellent description for
GaAs samples under illumination, as shown in Liu et al. [37].
Additionally, the SPV effect has been used to study effects on
deep electronic states of GaAs in the ultrafast regime [38]. In
connection with the results shown here, illuminating the GaAs
tip source in this experiment could exhibit a significant SPV
effect. This effect could change the emission of electrons from
the probe pulse after illumination from the pump pulse. How-
ever, due to the nature of the experiment a good description
of any SPV would be fundamentally difficult; SPV is heavily
dependent on the surface geometry and in our experiment
the surface is ill defined. While SPV effects may contribute
to the results presented in Figs. 5 and 6, we expect them
to have a relatively small influence. Increasing the attracting
potential of the CEM in the experiment shown in Fig. 3(a) did
not increase the overall observed count rate, suggesting that
any postemission field effects from SPV are overwhelmed by
the CEM’s bias. Any SPV effects contributing to our results
must thus be due to an influence on the electron transport in
the emission process through the energy-band bending at the
surface. The same lack of effect upon increasing the CEM
attracting potential was not confirmed in the experiments done
using the CW laser [Fig. 3(b)].

The explanation of subadditivity by Pauli blocking sug-
gests a promising application regarding the production of
spin-polarized electrons from GaAs photoemitters. Figure 7
shows that the electron emission rate can be suppressed with
a linear dependence on the CB population by using a suitable
CW laser at the appropriate wavelength. Circularly polarized

FIG. 11. An illustration of the transitions for CW and pulsed
laser light near the band-gap energy with opposite helicities, o+ and
o~ respectively, and their relative probabilities from angular momen-
tum selection rules. The upper arrows demonstrate a suppression of
emission from the —1/2 spin state channel.
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lasers induce transitions to the CB at different rates based
on angular momentum selection rules as shown in Fig. 11
[1,2]. Electrons emitted by a properly polarized pulsed laser
are expected to experience varying degrees of suppression
depending on the relative polarizations of the CW and pulsed
lasers. The spin lifetime in the CB is expected to be on the
order of 0.1 us which is much longer than the electron-hole re-
combination lifetime. While it does not affect results reported
here, it would in this proposed method [39]. This level of
control of subadditivity by CW laser power, shown in Fig. 7,
suggests an easy-to-implement tunability of the polarization
of electrons excited to the CB and vacuum with this laser
configuration. The prospect of a tunable, fast, spin-polarized
source of electrons taking advantage of the interband

transitions might prove vital to studies of, e.g., quantum de-
generate sources of electrons [40].
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