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High quantum yield, low transverse energy spread, and prompt response time make GaAs activated
to negative electron affinity an ideal candidate for a photocathode in high brightness photoinjectors.
Even after decades of investigation, the exact mechanism of electron emission from GaAs is not
well understood. We show that a nanoscale surface roughness can affect the transverse electron
spread from GaAs by nearly an order of magnitude and explain the seemingly controversial
experimental results obtained so far. This model can also explain the measured dependence of
transverse energy spread on the wavelength of incident light. © 2011 American Institute of Physics.

[doi:10.1063/1.3559895]

The need for a high brightness electron beam is well
established.! GaAs activated to negative electron affinity via
cesiation is a high quantum efficiency (QE) photocathode
and can be effectively used for producing such beams."
Properties of GaAs as a photocathode have been studied for
decades.’™ However, the mechanism of photoemission from
these photocathodes is not well understood.

Most models follow the Spicer’s three-step theory,3 and
they all assume near full thermalization of electrons to the I'
valley minimum when excited with near band-gap energy
photons. The difference arises when one considers the effects
on the electron going through the surface (band bending and
activation regions). To explain the experimental data, one
approach argues that the electrons undergo sufficient scatter-
ing at the surface so that the transverse energies of the emit-
ted electrons are of the order of 25 meV (thermal energy at
room temperature).z’5 The other body of work, however,
treats the emission process as a refraction of a Bloch wave at
an ideal surface while largely ignoring scattering effects at
the surface. It predicts the transverse energy of the electrons
to be around 1 to 2 meV at room ternperature4’6 and the
electrons are emitted in a cone with an half angle of 15°,
which is a result of the small effective mass of the electrons
in the I" valley of GaAs.

Furthermore, the experimental measurements of the
mean thermal energy (MTE) and thermal emittance are also
inconsistent. Some groups report values of MTE close to the
room temperature thermal energies of 25 meV.>’ While oth-
ers report values of measured MTE near 2 meV and the 15°
angular distribution as predicted by the second model.* Ad-
ditionally, measurements show that MTE depends strongly
on the wavelength of light used for photoemission.2 None of
the existing models can quantitatively explain this depen-
dence. MTE and normalized transverse rms emittance (e,,)
are related to the spot size of the laser (o,) by €,
=0, MTE/(m,c?), where m,c? is the rest mass energy of a
free electron.

In this paper, we attempt to resolve these discrepancies
by considering the effects of nanoscale surface roughness of
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GaAs on the MTE. The surface roughness effect can explain
measurement data” and the variation in the MTE with inci-
dent wavelength, as well as reconcile seemingly contradic-
tory collection of data in the literature.*”

Typical bulk GaAs preparation procedures include sur-
face cleaning of heavily p-doped GaAs using high tempera-
ture cleaning and/or H-cleaning. GaAs wafers we used un-
derwent the same treatment as in Ref. 2. To achieve good
QE, the samples are typically heat treated to around 580 °C
for 1-3 hours. Negative electron affinity (NEA) condition is
achieved via a well-known “yo-yo” procedure which em-
ploys alternating exposure to Cs and NF;. The surface of
atomically polished GaAs was studied before and after acti-
vation. The surface was imaged and the roughness was mea-
sured using atomic force microscopy (AFM). It was found
that the typical roughness of the surface before activation
was less than 0.5 nm (rms) [see Fig. 1(a)].

The surface of an activated GaAs crystal, used in and
removed from the Cornell dc photoemission gun7 was stud-
ied. The roughness of this surface was about 6 nm (rms) [see
Fig. 1(b)]. This roughness is typical of atomically polished
GaAs surface that undergoes the usual heat-treatment proce-
dure and is not detectable visually under an optical micro-
scope. The mirrorlike surface appearance of the surface is
not affected at that roughness level. This nanoroughness de-
velops as a result of thermal etching, surface faceting, or the
dissociation of GaAs which occurs at 580.%

The effect of surface roughness on photoemission was
previously examined.'® The major effect of surface rough-
ness is due to the electrons being emitted in a direction per-
pendicular to the local surface instead of the global normal to
the surface. The transverse energy is a result of the transverse
component of the velocity of the electrons being emitted
perpendicular to the local surface. This is the slope effect.'”
The second effect is due to the bending of the electric field
used to extract the electrons in the close vicinity of the rough
surface. This is the field effect.'® Assuming an extraction
field of 3-5 MV/m, as in the Cornell dc photoemission gun,
the electric field in the vicinity of the rough surface shown in
Fig. 1(b) was calculated."" Ignoring the effects of scattering
and assuming the valance bands to be flat, the energy of the
emitted electrons can be written as E'=hv—E,+E, where hv
in the energy of the incident photons, E,=1.42 eV is the
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FIG. 1. (Color online) AFM images of GaAs surfaces. (a) Surface of atomi-
cally polished GaAs crystal before heat cleaning (smooth surface). (b) Sur-
face of heat cleaned and activated GaAs crystal used in the Cornell dc
photoemission gun (rough surface).

band gap in GaAs and E, is the negative electron affinity
typically ranging from 0.1 to 0.25 eV. The higher is the en-
ergy of the emitted electron, the higher will be the longitu-
dinal and transverse components of its velocity, implying a
higher transverse energy. This explains the rise in MTE with
the energy of incident photons.

In simulations, the electrons were launched from a 256
X 256 square grid of the surface shown in Fig. 1(b), with the
energy E’, in direction normal to the surface at the point of
launch. The value of E, was chosen to be 0.145 eV, to better
match the experimental results. Figure 2 shows the MTE as a
function of the wavelength of incident light. The red points
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FIG. 2. (Color online) MTE vs wavelength of incident photons—
experimental results and predictions of models taking into account surface
roughness for surface shown in Fig. 1(b).
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are the experimental data.’ The dashed black curve is the
curve obtained by launching electrons perpendicular to the
rough surface shown in Fig. 1(b) at a fixed energy E'. We see
that this simple analysis produces a dependence of MTE on
the wavelength that matches closely with the experimental
values.

A more elaborate model has been developed, the result
of which is shown by the solid line in Fig. 2. This model is
described below. Due to energy and momentum conserva-
tion, electrons in the heavy-hole (hh), light-hole (lh), and
split-off (so) valence bands absorb photons and are excited
into the I" valley of the conduction band via vertical transi-
tions. The hh and lh bands are assumed to be identical and
parabolic12 with effective mass my,;,=m;,=0.45m,. The effec-
tive mass in the I' valley is mp=0.067m,. We ignore the
excitations from the split-off band. From conservation of en-
ergy and assuming a vertical transition, the energy of the
excited electron with respect to I' valley minimum is given
by Ey=(hv—E,)my,/ (m,,+mr). These electrons, excited into
the I' valley diffuse toward the surface." During this trans-
port toward the surface they scatter with phonons. Only the
polar 1phonons (optical and acoustic) have a significant
effect.' The excited electrons tend to lose energy by scatter-
ing with the polar optical phonons. The polar acoustic
phonons are low energy phonons and do not cause a signifi-
cant energy loss but do give rise to the spread in the initial
delta-function like energy distribution and cause the elec-
trons to thermalize. The scattering rates for the polar optical
phonon (35 meV energy) are given in Ref. 14. The effect of
polar acoustic phonons was modeled by considering a low
energy phonon (1 meV energy) with scattering cross-section
same as that of the polar optical phonon.15 These scattering
rates were used to numerically calculate the time evolution
of the electron energy distribution function, using a Monte
Carlo (MC) simulation. For incident photon energy hv, the
number of electrons with energy E, at time ¢ after excitation
is given by f(E,hv,t). In the above analysis, intervalley and
impurity scattering has been ignored. We assume that the
time for excitation and emission from the surface is negli-
gible compared to the time required for the transport to the
surface. The number of electrons reaching the surface be-
tween time ¢ and t+dt is n(t,hv)-di=[SP(t,7)]/(5)-dt,
where P(z,7) is the fraction of electrons emitted up to a time
t and 7 (determined experimentallyz) is a function of incident
photon energy. The fraction of electrons reaching the surface
with energy between E and E+dE and between time ¢ and
t+dt is

F(E,t,hv)dEdt = f(E,hv,t) n(t,hv)dEdt. (1)

Consider electrons with energy E in the GaAs crystal just
beneath the surface. We assume that these are distributed
uniformly on a sphere in k-space. Following the derivation in
Ref. 4, the angular distribution of emitted electrons is given
by

(E+ E4)cos 6d6

n(E, 6)d0= 1/2° (2)

m, .5
V2E| E— —(E+E,)sin” 0
myr

where E, is the negative electron affinity and 6 is the angle
with respect to the local surface normal. As a part of the MC
simulation, electrons were launched in these conical distribu-
tions from the 256 X 256 grid on the surfaces shown in Fig.
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FIG. 3. (Color online) MTE vs wavelength of incident photons for smooth
and rough surfaces at different temperatures.

1. The MTE, T(E) was calculated numerically as a function
of the electron energy E just before emission from the sur-
face. Finally, MTE as a function of the incident photon en-
ergy is obtained by integrating over all the energy distribu-
tions given by Eq. (1). The MTE as a function of Av is given
by the integral

Jo IS T(E)F(E,t,hv)dEdt
[oloF(E, t,hv)dEdt

T(hv) = (3)
MTE as a function of the incident laser wavelength as ob-
tained from Eq. (3) for the rough surface is shown in Fig. 2
(solid line), and well explains the experimental data.

Figure 3 shows MTE as a function of incident wave-
length calculated for the smooth and rough surfaces at dif-
ferent temperatures (see Fig. 1). We assume that the tempera-
ture dependence comes in only from the scattering rates of
the phonons. It can be seen that MTE approaches 25 meV at
longer wavelengths for the rough surface and is less than 2
meV for the smooth surface. Thus, the discrepancies in the
measurements of MTE can be explained by the nanoscale
surface roughness due to the variations in the preparation of
the bulk GaAs. Hence, the surface roughness must be duly
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characterized to a scale of 1 nm. Our results also predict a
drop in MTE which is much smaller than the decrease in
thermal energy upon temperature reduction. This is consis-
tent with experimental observations.” This leads us to con-
clude that the thermal energy of electrons inside GaAs does
not get directly translated into the MTE.

In summary, a dramatic improvement in the photocath-
ode performance for bright electron generation16 is antici-
pated with the proper control of the surface preparation pro-
cedures in III-V NEA photoemitters.
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