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The quantitative description of low kinetic energy photoelectron emission 
in semiconductors is still an open question. In this article a model is 
developed to simulate the photoexcitation and transport of low kinetic 
energy electrons in CszTe. The statistical extension of the model, by Monte 
Carlo trajectory calculations, gives photon energy dependent quantum 
yields in agreement with experimental data. This is regarded as evidence 
that for near threshold photoemission in Cs*Te the dominant scattering 
mechanism is electron-phonon, while the mean energy scattering energy 
loss is 5 meV and the electron mean free path is 3 nm. The spatial 
distribution and the time response (0.4 ps) of the photoemitted electrons 
are estimated. 0 1998 Published by Elsevier Science Ltd 

Semiconductors having a relatively large band gap 

energy (E,) and a comparatively small electronic affinity 

(E,) are good photoemitters [I]. Among these, Cs*Te, 
recently considered as a high current photoemitter 

under short laser pulse excitation for FEL and particle 

accelerator applications [2, 31, can be viewed as a 

paradigmatic material to study the low energy photo- 

electron scattering process. Cs2Te is a p-type semi- 
conductor with a relatively large E,IE, ratio and its 

band structure is described in [4-61. A number of 
experimental works have been devoted to characterise 

this material in terms of quantum yield (emitted electrons 

per incident photon) and photoelectron energy dispersion 
[2-71. Nonetheless, the photoexcitation transport 
mechanisms, the time response (i.e. the time required 

to photoemit an electron from its optical excitation) and 
the spatial distribution of the photoemitted electrons have 

not been investigated yet. 

In the past, W. Spicer and co-workers pioneered the 

studies of the interplay between scattering mechanisms 
in metals, applying, on the basis of simple hypotheses, a 
Monte Carlo simulation technique [8, 93. In this frame- 
work, a different case is given by semiconductors 
photoexcited by photons with an energy less than 2E,. 

* Corresponding author. 

Under these conditions the e-e scattering has a strongly 

reduced probability [5] and the main electron energy 
losses arise from e-ph scattering. Being the e-ph 

scattering quasi-elastic, an efficient transport mechanisms 

of the photoexcited electrons is observed. In spite of this 

interesting features there is a lack of quantitative models 

describing photoemission processes of low kinetic 

energy electrons in this type of semiconductors. 
This article reports a model extended by Monte Carlo 

trajectory calculations that simulates the photoexcitation 

and transport of low energy photoelectrons in poly- 
crystalline Cs2Te. The calculated quantum yield as a 

function of photon energies is in agreement with 

measured values and the main e-ph scattering para- 
meters are given. Moreover, the estimated time response, 
the energy distribution and the spatial distribution of the 
photoemitted electrons are calculated and discussed. 

To describe the photoemission mechanisms in semi- 

conductors, the effects of scattering on the transport of 

the optically excited electrons must be accounted for. In 
this respect, the major electron scattering processes to be 
considered are electron-electron (e-e), electron- 
phonon (e-p) and elastic scattering with a significant 
momentum exchanged. Other scattering sources are 

supposed to make minor contributions [IO]. In general, 
the e-e scattering implies the loss of a large fraction of 
the electrons kinetic energy and consequently it is the 
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major mechanism to reduce the escaping probability. 
For this reason, the quantum yield of low kinetic 
energy photoelectrons is relatively small in materials 
with a large e-e scattering probability, i.e. in metals 
or in semiconductor where the photoemission is 
induced by photons with an energy larger than 2E, [5]. 
On the contrary, in semiconductors where the photo- 
excitation is induced by photons with an energy lower 
than ZE,, the e-e scattering has a strongly reduced 
probability [!I] and the electron energy losses are 
mainly due to the quasi-elastic e-ph scattering process. 
However, to properly describe the photoemission 
mechanism, the transferred momentum should be also 
accounted for and the randomisation of the electrons 
trajectories, due to e-ph scattering as well as to elastic 
scattering events, must be considered on a statistical 
basis [8-lo]. 

The present model is based on the assumption that 
every absorbed photon produces a photoexcited electron, 
while the number of the photoexcited electrons as a 
function of distance (x) from the surface is propo~ional 
to the depth profile of the absorbed energy. The electron 
photoexcitation time is considered negligible, while the 
hole created in the valence band is supposed to not 
modify the free flight trajectory between collisions 
(adiabatic approximations. The momentum dist~bution 
of the photoexcited electrons is taken to be isotropic, 
since a polycrystalline material is considered, while the 
kinetic energies of the electrons are equally distributed 
between 0 and hv - Eg. The density of states and band 
bending effects are disregarded. To account for the 
relevant scattering processes, it is assumed that the 
cumulative action on a single electron is described by a 
mean constant energy loss and a randomisation of 
electron momentum direction upon collisions. Within 
this hypothesis, the probability for an electron to travel a 
distance d without suffering a scattering event is taken to 
be propo~onal to P(h) = exp( -d/h), where h is the 
electron mean free path for electron-phonon scattering. 
The emerging of electrons into the vacuum is regulated 
by two parameters, the impact angle at the surface and 
the electron affinity E,. An electron is emitted only if it 
impacts the surface within the escape cone, which 
aperture angle is given by 8, = cos - l(m);), being 
the directrix of the cone normal to the surface. Otherwise, 
it is reflected at the surface. The angle of emission at the 
surface (external angle) is related to the angle of 
incidence (internal angle) by the assumption that the 
com~nent of the electron momentum parallel to 
the surface is conserved and that the kinetic energy 
associated with the component of the electron 
momentum normal to the surface is reduced by an 
amount corresponding to the energy needed to overcome 
the surface potential barrier. 

In this approach the escape probability for electrons 
excited at a depth x in the solid and travelling at a certain 
angle 0 to the surface normal (polar angle) depends 
basically on two parameters, the path length d between 
the point of excitation and the surface, d = xlcos (8) and 
the solid angle subtended within cones with vertex in the 
excitation point and apertures 6 and 8 + de. Since in 
polycrystalline solids emission can not depend on 
azimuthal angle, the escape probability P,, is taken to 
be pro~~ional to exp( - d/A) multiplied by the fraction 
of solid angle subtended by the cones around 6, i.e. 
l/2 sin 0 de, 

The production of excited electrons is proportional to 
the absorbed energy. In the case of photoemission 
from bulk the absorbed energy profile is proportional to 
exp(-aoc> and consequently the distribution of escaping 
electrons, E,,,(B, x), is 

1 
h(E) cos 8 + a(v) sin 0 d8 dx. 

(2) 

In this case the photoemitted electron intensity 
dist~bution vs the polar angle of incidence (internal 
angle) Y(B) can be analytically estimated integrating 
over x j123 

y(e) a 
sin t9 d0 

l/(X(E) cos 13) + o(v)’ 
(3) 

Being the electron ~imu~al angle emission iso- 
tropic, Y(e) represents the polar electron intensity 
distribution integrated over the azimuthal angle. For 
l/X + cy, Y is properly approximated by sin 8 cos 8. It 
follows that, in the same limit, the intensity distribution 
of electrons seen from a given 8 and a specified azimuthal 
angle, is propo~ional to cos 8. To obtain the intensity 
distribution relative to an electron kinetic energy E, 
the angular distributions must be truncated at the 
corresponding critical angle 19~. 

On the basis of these mechanisms, more information 
is obtained by a statistical approach. According to the 
Monte Carlo technique, dis~butions of electron kinetic 
energy, momentum and depth from the surface are 
sampled by random numbers. Such distributions are 
relative to the creation of an optically excited electron 
and are obtained according to the simple assumptions of 
the model. The scattering processes are simulated by 
random sampling of the dist~bution P(X) to obtain the 
path length d between successive scattering events. After 
each collision the electron kinetic energy is decreased by 
the average energy loss E,7 and a new direction for 
the momentum is considered on the basis of random 
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emerging directions. To compare the present calculations 
with available experimental data [3] a thin semiconductor 
layer on a metallic substrate is considered and it is 
assumed that every electron crossing the semi- 
conductor/metal interface is retained in the metal. Each 
electron is followed until either its total energy decreases 
below the vacuum level, impacts the substratum or is 
emitted into the vacuum. In the latter case, the electron 
parameters (kinetic energy, angle of emission, time from 
photoexcitation) are registered. 

CsZTe thin films are obtained by eva~ration of pure 
Te and Cs on MO substrates under ultra high vacuum 
conditions. A commonly used procedure consists in the 
eva~ra~on of a first layer of pure Te on the MO surface 
kept at 370-440 K, followed by a Cs evaporation. The 
quantum efficiency is monitored by a monochromatized 
UV light. When a peak in the quantum efficiency is 
observed the Cs evaporation is stopped and the substrate 
is cooled at room temperature. In these conditions a 
quasi-stoichiometric, thin (< 100 nm), polycrystalline 
CszTe layer is formed [2-71, while by changing 
the deposition parameters compounds with different 
crystallographical structures and stoichiometry are 
obtained (CsTe4, CszTe=,, Cs2Tej, CssTeJ, CszTe) [13]. 

Finally, to fit the experimental data, a proper evalua- 
tion of the absorbed radiation is required. The absorption 
of a 30 nm CsaTe thin film on a MO substrate has been 
evaluated on the basis of Fresnel equations using 
the refraction indexes at 265.2 nm, Ncszre = 0.7%i0.75 
and NM* = 1.90-i3.81 for Cs2Te 171 and MO [14] 
respectively. 

The inset of Fig. 1 shows the calculated absorption 
(A), reflectivity (R) and transmission (T) as a function of 
film thickness. In the simulations, the dependence of the 
refractive index on wavelength is ignored since, far from 
the threshold region, the absorption should not vary 
significantly [4]. The bulk absorption is reached only 
for thickness > 100 nm, while for a Cs*Te thickness of 
30 nm on a MO substrate, the absorption is close to 0.4. 
This value must be considered in order to properly 
evaluate the quantum efficiency. The effect of the MO 
substrate on the abso~tion profile is reported in Fig. 1. 
As it is possible to note the calculated absorption for 
CszTe bulk is significantly different. This can be 
rationalised by conside~ng the multiple reflection effects 
induced by the Cs2Te/Mo interface. 

In addition to the macroscopic parameters, the 
mean free path h and the mean electron kinetic energy 
loss E, must be determined. Using the relation 
E s = 2muu sin (p/2), [ll]. where Y is the electron 
speed, u the speed of sound and p the scattering angle, 
it is found (considering a sound speed in the range 
lo3 m s-’ and a maximum electron kinetic energy of 
about 1 eV) a mean energy loss over scattering angles 
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Fig. 1. Absorption profile curve of CszTe bulk 
(continuous line) and Cs2Te/Mo interface, with a 
Cs,Te thickness of 30 nm (dashed line). The inset reports 
the calculated reflectance (R), transmission (T) and 
absorption (A) of CszTe/Mo as a function of Cs,Te 
thickness. 

and electron energies of few meV. This is consistent with 
the parameters used for the calculation reported in Fig. 2, 
where the calculated quantum yield response from 
threshold up to pair production onset is compared with 
experimental data ( 1 O4 electrons trajectories are followed 
for the calculation of each point). The microscopic 
parameters (Es = 5 meV, X, = 3 nm) have been 
optimised to fit experimental data from [33. A good 
agreement is obtained for 3.7 eV < hv < 5 eV. For 
hv > 6 eV, the onset of e-e scattering processes [5] 
becomes important and this model is unsuitable to treat 
properly the photoemission yield. 

By changing the mean free path up to 10 nm, the QY 
vs the photon energy range is not satisfactorily 
reproduced for hv < 4.5 eV (inset of Fig. 2). While 
with a mean free path of 0.5 nm the calculated curve 
gives, for the overall photon energy range, an under- 
estimated QY. In turn, by changing the single scattering 
mean kinetic energy loss from 5 meV up to 15 meV 
the QY results under estimated. On the basis of 
this results it is possible to conclude that E, = 5 meV 
and X, = 3 nm represent the best parameter for the 
present model to fit the experimental data. Quite similar 
data have been reported for CsI by Akkerman and 
co-workers [lo]. 

Information on the electron escape-length X, is also 
obtained. As expected when the mean free path X is 
considered constant over the photon energy, the number 
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Fig. 2. Quantum Yield (QY) calculated for a 30 nm Cs;?Te layer on MO using Et = 5 meV and X = 3 nm. By 
changing the mean free path up to 10 nm and mean energy loss up to 15 meV, the experimental QY vs the photon 
energy range is not satisfacto~ (inset). 

of emitted electrons is well represented by an exponential 
decay function exp(-x/X,) [lo], as shown in Fig. 3. In 
this case the best fit is obtained for & = 8 nm. 
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Fig. 3. Emitted electrons vs depth calculated assuming an 
exponential decay function exp( - x/X). The best fit is 
obtained for X, = 8 nm. 

The angular distribution of emerging electrons is 
reported in Fig. 4. The plots show the normalised polar 
angle dependence of emitted electrons, as seen by a 
detector that integrates over a solid angle of 24 10T3 str 
around the direction specified by 8. The angular 
distributions are derived from a simulation where 10’ 
electron trajectories are followed. Figure 4(a) shows the 
total yield electron distribution as a function of polar 
angle. The difference in angular distribution between 
externally emitted (crosses) and intem~ly incident 
(circles) electrons is due, in the present model, only to 
the presence of electron affinity. However, since the 
scattering mechanism at the surface may be more 
complicated than that described here, the angular 
distributions must be considered with caution. In 
Fig. 4(b) is reported the internal angular dist~bution 
for electrons that have final kinetic energies between 
0.7 eV and 0.8 eV and that obtained from equation (3). 
The model used to obtain equation (3) compares well 
with the Monte Carlo calculations. This suggests that 
the basic mechanisms of scattering in CszTe thin layers 
[ 121 for the near threshold photoexcited electrons 
are properly described. Rather interesting is also the 
prediction of the angular distribution of the emerging 
electrons relevant, for example, to the design of injectors 
for accelerators. 
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Fig. 4. Total yield electron distribution as a function of 
the polar angle (A). The difference in angular dist~bution 
between externally emitted (crosses) and internally 
incident (circles) electrons is due to the electron affinity. 
Section B reports the internal angular distribution for 
electrons that have final kinetic energies between 
0.7 eV and 0.8 eV (circles) and that obtained from 
equation (3) (continuous line). 

The transit time spread of the photoemitted electrons 

(defined as the time an electron takes to be emitted in the 

vacuum from excitation) is shown in Fig. 5. The 90% of 
the photoemitted electrons have a transit time lower 

than 3’70 fs, which can be assumed as the intrinsic 

photoelectric response time of the CszTe film for 
photon energies of 4.5 eV-5 eV. This time response is 

si~ificantly larger than those reported for metals, 

reflecting the different role played in the photoemission 
process by the e-e scattering. A quantitative evaluation 

of these scattering mechanisms is nowadays possible by 

following in real time the photoemission process, 
using laser pulses with a temporal width shorter than 

the intrinsic time response and a pump and probe 

technique. 

It would be interesting to compare the calculated 
mean electron energy loss and mean free path with 

experimental value or with a dynamic lattice calculation 
model, but to the best of our knowledge, these data are 
not available in the literature. 

In conclusion, the present model is found to fit the 
measured electron QY for a 30 nm Cs;?Te layer on a MO 
substrate in the range of near threshold photon energies 
(3.7 eV-5.5 eV). The influence of the film thickness and 
the substrate on the absorption has been taken into 
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Fig. 5. Calculated transit time spread of emitted electron 
after the photoexcitation. The 90% of the emitted elec- 
trons emerges from the solid in less than 370 fs. 

account and it is shown that the QY is strongly affected 

by the optical properties of the semiconductor/metal 

interface. The best parameters to fit the ex~~rnen~ 

data are given by an electron mean free path h of 3 nm 
and a mean energy loss (E,r) of 5 meV. The response time 

of the photoexcited electrons is found to be 0.4 ps. 

Finally the angular dist~butions of emitted electrons 

have been evaluated. 
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