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Abstract: In this study, we have theoretically mvestigated the non-equilibrium electron-lattice heating in
intrinsic Gallium-Arsenide thin film for various thicknesses, irradiated by few nanoseconds pulsed Carbon
dioxide (CO,) laser for various intensities incident normally on a thin film. It is shown by our numerical
simulations that there is significant difference between the average transient hot electron temperature {T ()}
and the average lattice temperature {T\(t)} of ~3000 K for a time scale considerably greater than the duration

of the laser pulse, which gives rise to significantly enhanced free carrier concentration in the conduction band
of the semiconductor. The possibility of enhanced photoemission of transient hot electron bunches from such

laser pumped semi-conducting thin film by using a suitable delayed probe laser 1s discussed and proposed

experimental set up.
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IINTRODUCTION

Fujimoto et al. (1984) studied theoretically and
experimentally non-equilibrium electron Temperature
(T.) and lattice Temperature (T,) in a polycrystalline
tungsten sample irradiated (with normal incidence) by 75
femtosecond laser pluses of energy 0.4 mJ per pulse.
They obtained experimentally enhanced photoemission
(corresponding to 1000 A cm™?) collected by a delayed
probe pulse and determined an electron-phonon (e-ph)
relaxation time (T,) of the order of several hundred
femtoseconds. It may be mentioned that the non-
equilibrium electron relaxes to the lattice temperature
through e-ph relaxation mechamsm (Elseyed et al., 1987,
Kaganov ef al., 1956, Anisimov et al, 1974, Fann et al.,
1992; Sun et al., 1994, Wang et al., 1994; Hertel et al.,
1996, Scheonlein et al, 1988; Bechtel et al., 1975
Yen et al., 1980). However, when pulses are shorter than
the electron-phonon relaxation time a decoupling between
the electrons and the lattice temperatures can take place,
generating the so-called anomalous heating effect
(Damascelli et al., 1996). The enhanced photoemission
results through multiphoton nonlinear processes when
there 1s considerable non-equilibrium temperature (in
excess of = 2000 K) of electrons in comparison to the
lattice (Fuyimoto ef af., 1984; James, 1983).

The photo emitted current density of approximately
1000 Acm™ a total pulsed charge of
approximately 75x107" Coulomb (75 pc) per pulse. For

indicates

Free-electron laser of very ligh brightness and low
emittance (Stephen, 2003; Wang, 2002), it would be highly
desirable to obtain pulse photoemitted electron bunch of
a few hundred nano Coulomb to one micro Coulomb
charge. The above technique of pump probe enhanced
photoemission cannot be extended to achieve this
objective with femtosecond laser pulse, since the required
pulse power would be far above the damage threshold of
any metallic photocathode surfaces (Tensen ef al., 2003;
Elsayed et al., 1991). It may appear that pico Coulomb
charge photo emitted electron pulse could have been
obtained if picosecond laser pulses could have been
used, mstead of femtosecond pulses. However, the
requirement for enhanced non-equilibrium temperature
(say 3000 K) and thus enhanced photoemission is that,
the time width of the ligh power laser pulse
(however below the damage threshold as reported by
Wu et al. (2001) laser pulse of energy 0.5 nl did not
impose obvious destruction on thin film) be shorter than
electron-phonon relaxation time. It 1s hard to obtamn such
electron temperatures with picosecond laser pulse in
metals, because the electron-phonon (e-ph) relaxation time

1s much shorter than the picosecond 1, However, the
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actual criterion for thermally enhanced photoemission
electron-bunch of nano to micro-Coulomb charge is that
there should be sufficient free electron concentration in
the conduction band belonging to the lugh energy side of
the Fermi distribution for sufficiently long time, so that
these electrons can be photo emitted by a delayed
nanosecond pulses. The electron-phonon coupling
factor (Fujimoto ef al., 1984).

2 2
mn, V,

T
o=
6T T,

(1)

(where m is the effective mass of the electron, n, is the
concentration of charge carrier and V is the velocity of
sound) should be quite low so that the transient electron
temperature T, 18 very much greater than the lattice
temperature T,;. Tt may be mentioned that ¢ also changes
dynamically during the laser irradiation which had not
been taken i1n to account during the theoretical
computation by Fujmoto, who used a constant «o.
The t_, in a should actually be related to the ordinary
Drude model electron relaxation, T,,
conductivity i metal or semiconductor, which for
tungsten is ~10 s at 300 K.

Tt appears that T, is longer in semiconductors like
mtrinsic GaAs than in metals like W, Cu etc. The free
electron concentration in semi conductors can be raised
from very low values (...n= 9x10%cm’ for intrinsic GaAs
(Grove, 1967) to quite high values say 10" /cm’ and above
by doping. This gives a way of controlling o in
semiconductors, which could be made much lower than in
metals. Moreover the electromic specific heat C, (per unit
volume) 13 expected to be much lower in semiconductors
than in a metal, because of the lower Fermi energy E;.
Thus, it 15 quite likely that significant non-equilibrium
electron-lattice temperature differences can be possible in
suitable semi-conducting thin films with picosecond to
nanosecond laser pulse irradiation.

for electrical

MATERIALS AND METHODS
The above idea motivated us to investigate
theoretically the non-equilibrium electron heating in semi-
conducting thin films. We report here the non-equilibrium
electron temperature calculated for intrinsic GaAs thin
films of various thickness irradiated by few nanoseconds
pulsed CO, laser of various intensities, assumed to be
mncident normally (along the z-direction) on the thin films.
(Fig. 1). JTames (1983) has shown that CO, laser, though
well below the band gap of GaAs and many other semi-
conducting materials, can be absorbed by the semi-
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Fig. 1: Laser pulses incident normally on a thin film

conducting materials. The absorption process mvolves
laser heating of the free electron distribution (in n-type
semiconductors) to a point where significant fraction of
the electron density have an energy greater than the band
gap (as measured from the band gap minima). These
highly energetic carriers can relax by creating electron-
hole pairs through impact ionization process (inverse
Auger event). This inpact 1onization processes can lead
to the formation of a laser-mduced plasma and with
consequent increase in electron temperature and free
carrier concentration. For a given laser pulse power
intensity and duration, the net increase in electron
temperatire T, and free electron concentration n,,
should depend on the thickness and properties of the
semi-conducting materials, that are irradiated by the
given laser pulse.

In this study, we studied these two dynamic
processes (i.e., changing T, and n,) by treating the
absorption of pulsed CO, laser through a process similar
to that of femtosecod laser wuradiation in tungsten
(Fujimoto et al, 1984), however by considering the
dynamic variation of T, n, and C, during the laser
absorption.

Most of the non-equilibrium electron temperatures
that have been calculated so far (only in metals) are those
of surface electrons (Fujimoto et al., 1984; Jensen et al.,
2003). For effective enhancement of photoemission, the
realistic picture of electron temperature should be
obtamed by calculating the z-average of the electron
temperature T,(zt) over the thickness of the thin film. We
call this average {T,(t);. Thus

(T(U)= 1t (T(z1),

Az—0

T

e

defines the temperature that would be expected if all the
electrons in different layers z, with different T,(z,t) values



J. Eng. Applied Sci., 2 (3): 637-647, 2007

thermalize at the instant of time t. If the back of the film
1s maintained at 77K, the electron mean free path can be
longer than that at room temperature (since the lattice
temperature is virtually unaffected) and the electron can
escape from a greater depth than at room temperature,
contributing to the enhancement.

For the effective enhancement of the pulsed
photoemitted electron bunch, the {(T.(t)) needs to be
sufficiently high without causing any material damage.
The maximum total electron concentration (bound and
free) in an intrinsic GaAs sample

23
:4p><6.093><10 om™3

N

>

Where p is the density of the material (p = 5.32 g cm ™).
To have a safety factor of 10 in order not to have material
damage (which can take place when all the bound
electrons are excited to the conduction band, leading
to transient hot free electron concentration 1,
approaching to that of N) we should not allow n, to
exceed 1.4x10%” cm ™’ as a result of laser pumping. As a
first approximation we have estimated n, in GaAs sample
for different T, as shown in the (Table 1-4) using Eq. 2.

n, = 12(2KT, /hz)% (M:ME )% exp(_EAKBTeH 2

where E, 1s the energy gap, M, M;oare the effective

A+

mass of electron and hole, respectively. Here we used
M:= M; =0.07M and B, = 1.43 eV (Lin and Chen,
€ ° €

1981). The required thickness d of the semi-conducting
thin film for a given pulsed CO, laser intensity and
duration of laser pulses etc. can be determined (for the
practical photoemission experiment) based on the
following computations keeping the above safety figure
inview. When « is low, the lattice heating is insignificant
in comparison to the electron heating. Tn our calculation
of (T,(t)}, we assume the band gap of the semiconductor
to remain unchanged. This assumption is justified as
long as the laser intensity is below the damage threshold
and since the lattice heating 1s insignificant. Thus we
allow n, to vary dynamically during the laser heating and
henceo and other parameters such as C, etc (see below).
The 1., is also dependent on T,. We allowed T, varying
with T, according to the following equation

Tep

where a and b are constants
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Table 1: First approximation T,(t) K, t<1071%(g), N.() m—?

T.HOK 2107 1%) N m™>

300 - 4.5225x101
400 - 7.0075x 104
600 1.75 1.2956%101%
800 3.75 6.3282x101°
1000 4.25 7.0384x 107
1200 5.25 3.6881x 107!
1400 6.00 1.2479x1022
1600 7.00 3.1983x10°
1800 7.75 6. 79001022
2000 8.50 1.2609x102
2200 9.75 2.1211%10%
2300 11.00 2.6714x10%
2200 12.75 2.1211%10%
2000 14.00 1.2609x 107
1800 15.25 6. 79001022
1600 16.00 3.1983x10%2
1400 16.75 1.2479x102
1200 17.50 3.6881x 107!
1000 18.25 7.0384x 1020
800 19.00 6.3282x101°
600 20.00 1.2956%101%
400 22.25 7.0075x 1044
300 25.75 4.5225x104!

Transient electron temmperature profile enhanced free electron concentration in

intrinsic GaAs with T =107 seconds. A; =5 MW cm™2, d = 280A°

Table 2: GaAs sample T,(0) K, t<107%(s), N,(t) m—*

THOK t<1071%(s) Ny m™®

400 - 7.0075% 104
600 1.00 1.2956x10%
800 2.00 6.3282%104°
1000 3.00 7.0384x 107"
1200 3.75 3.6881x 107!
1400 4.25 1.2479x10%
1600 4.50 3.1983x10%
1800 5.00 6. 7900=10%2
2000 5.50 1.2609x10%
2200 6.00 2.1211x10%
2400 6.75 3.3093x10%
2600 7.00 4.8682x10%
2800 775 6.8336x107
3000 825 9.2340=10%
3100 Q.75 1060510
3000 11.25 9.2340% 10
2800 12.25 6.8336x10%
2600 13.00 4.8682x10%
2400 13.50 3.3093x10%
2200 14.00 2.1211=10%
2000 14.50 1.2609x10%
1800 15.00 6.7900x10%
1600 15.50 3.1983x10%
1400 16.00 1.2479x10%
1200 16.50 3.6881x10%
1000 17.50 7.0384=10%°
800 17.75 6.3282%104°
600 1875 1.2956x 101
400 20.50 7.0075<10

Transient electron temperature profile enhanced fiee electron concentration in
intrinsic GaAs with t = 107 seconds. Ay = 50 MW cm 2, d = 1004°

In semiconductor, the electronic specific heat C, at a
temperature 1deally be given by

o _dE

e=qp Where  Ep- IE f(E)g(E)dE 4

Ec
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Table 3: M*,; M*, are the effective mass of electron and hole

T K tx1071%(g) N(t) m~?

300 - 4.5225x10!
400 2.00 7.0075x10'
500 3.75 6.2067x10'
600 5.00 1.2956%10'%
700 6.50 6.2067x10'
800 7.75 6.3282x10"
860 9.75 1.4542x10%°
800 12.00 6.3282x 10"
700 13.00 6.2067x10'
600 14.75 1.2956x10'®
500 15.75 6.2067x10'
400 17.50 7.0075%10'
300 23.25 4.5225x10!

Transient electron temperature profile enhanced free electron concentration in
intrinsic GaAs with t =107 seconds. Ag = 50 MW cm™2, d = 1000A°

Table 4: Different absorbed power A = 1.4MW cm 2

T(OK tx107%s) N m™

400 2.00 7.0075x10'
500 3.75 6.2067> 101
600 5.00 1.2956x10'®
700 6.50 6.2067x10'
800 7.50 6.3282x10"
850 9.75 1.2764> 1020
800 12.25 6.3282x10"°
700 13.50 6.2067x10'
600 14.50 1.2956x10'%
500 16.00 6.2067> 101
400 17.75 7007510
300 24.50 4.5225%10""

Transient electron temmperature profile enhanced free electron concentration in
intrinsic GaAs with T = 107" seconds. Ag =15 MW cm =, d = 1000A%,

where

1

E-E; )/KpT,

f(E): (
1+e

and g(E) is the density of the energy state given by

M: [2M(E-E.)
g(E):hszz ehz : :A\‘(E_EC)
where
. MiyJ2ME N
A= erﬁnz ¢ and M,

1s givennin (2). In semiconductors usually E; < E, and with
the laser heating, E >> E, < E_,

(E-E¢)
FsT o(E)dE

d fo -
Co(T) = fEe
(=3
Ec

I<B Te2

(3
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where p =K, T,and

A:(ZnKB/hz)%(MZ‘M:)%

is defined in (2).

We assume that the incident laser pulse has vuniform
energy demsity in the x-y plane and varies as e ** for
z=0 (Fig. 1), where p is the absorption coefficient
(Lin and Cheng, 1981). Thus

I(zt) =1(t)e (©)
For transient electrons heating, for z > 0 we take
2
Cle _g O gir, T+ 1(2t) )
ot az*

I’ (zt) 18 the gradient of the laser intensity I(zt) at a depth
z below the surface at z = 0 (Fig. 1) and K, thermal
conductivity (K, = 0.81 W/em"K).

In our present case, we assume that most of the
incident laser energy (apart from that reflected out) is
absorbed first by the conduction band electron at z= 0 in
the thin film. These electrons through electronic thermal
conductivity, rapidly transfer the energy to electrons
below z = 0 (ie., z=0). The lattice receives energy from the
electrons through electron-phonon coupling factor as in
the equation

&)

and C, for T>300K is assumed to follow Dulong-Petit’s
law.

The 1mpact 10onization process during the absorption
of pulsed CO, laser power by the semi-conducting thin
film also leads to growth of carriers by pumping the
electrons from valence band to conduction band.
Increased electrons m the conduction band with T,
Eq. 2 as laser power is absorbed, leads to mcrease of both
C, through Eq. 5. This will in tumn lead to slowing down
the rate of rise of T, in time during laser irradiation from
that of the initial switching on. In this calculations unlike
that of Bloembergen and Jensen, we have allowed the
electron-photon coupling « to be dynamic for GaAs
thin film 1e., as the pump laser energy is absorbed by
electrons 1n conduction band, ¢ alse changes according
to Eq. 1 due to the dynamic nature of n,. However, we
assumed the sound velocity V, to be constant (V, =
5.22x10" cm/sec), since the lattice heating is insignificant
(as can be seen latter).
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For a thin semi-conducting film with pump laser
incident along the z-direction, the transient electron
heating is at z = 0 governed by the following conditions
with I(t) assumed to have the following forms

2
I{t) =Iy(1- R)GXP[ {tz_—ﬂ:} } for Gaussian pluse ~ (98)

It)=T,(1-R) forO <t < T, I(t) = 0,
fort > 1 for square pulse (9b)
where R is surface reflectivity. In our present calculations
we have ignored any thermal radiations from the thin films
owing to hot electrons.
The absorption of power from the mcident laser

pulse atz=01s
J = [ J =
z=0 z=0

[ a

and this equalto[ J . Thus
d z=0

COREaREl

where U is the internal energy of the electron-lattice
system, p 1s the absorption coefficient and varies
dynamically as the process gives rise to increase m T,
which in turn increases the free electron concentration, on
which p depends. The absorption coefficient p 13 modeled
following the work of Lin and Cheng (1981). We have not
considered here the detailed quantum mechanical
processes involved in the absorption of laser power by
the semi-conducting material (JTames, 1983) except
those described by Eq. 9, 11 and 12, for we are
interested in the computation of {T,t); for different
thickness, d of the semi-conducting thin film and laser
power intensity for 1 ns pulse. The detailed processes of
laser power by semi-conducting material 15 described by
Fujimoto et al. (1984).

The other boundary condition that exist at the

surface 1s
2
} 1 (11a)

(11b)

au_
dt

CoT,
ot

CT,
ot

(10)

CaT,
o

CoT,
at

(1)

dT, t—T
K=& =Tp(1-R)exp| ——
' oz of )exl{ { 2T

for Gaussianpulse

T,

€

-K
Y dz

=I, for 0€t<1
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dT,

kg, T (12)
dz

=0 withsquare pulse for t >T.

Both T, and T, in Eq. 3-12 are functions of t and z. The
other boundary condition assumed in the simulation 1s:-

T, t=0,2)=T(t=0, z) =300 k for all z

The quantity that is of interest to us is (T (t)} defined
below.

N
ETe (i,j)where NAz=d
=0

(Te(t)) =

:%J.Te(z,t

Assuming the thin semi-conducting film to be uniform as
mentioned, {T(t)} is the temperature that would be
expected if all the electrons at different z with temperature
{Tz t) were to thermalize at time t.

Analytical solution of (7) and (8) along with the
above boundary conditions and expressions for C, and o
1s nearly impossible. One needs to resort to numerical
analysis for a given I, T and d. We took N = 2000. This
means a given thickness d of thin film is divided into 2000
equal parts. We also subdivided the pulse with T =1 ns in
1000 parts 1.e., 1= 1 to 2000 and calculate T .(1,))and T\(1,)
and obtained {T.(i)} and {T,(i); for different values of I,
considering intrinsic GaAs thin films of different
thickness.

For metallic tungsten W(5d'6s*) we can take C, = yT,
for T.<T; which is reasonably satisfied even for T,
approximately equal to 4000 K, since for W

Z |~

(13)
)dz.

7 >
(anne)z Sis~11x10°K,

2m Ky

TF
(14)
_ ﬂzneK%

2

Here in tungsten unlike semi-conducting film n, is a
constant and hence y can be assumed to be constant
during the free electron laser heating.

We have carried out the simulation of electron-lattice
temperature in thin films of tungsten for femtosecond
laser wradiated tungsten (Fig. 2), (which had earlier been
studied by other workers) to cross-check our methods of
calculation for semi-conducting thin film. We found our
method of calculation for tungsten to be m line with the
simulations of Bloembergen et al. (1975) before applying
it to semiconductors thin film. For tungsten thin films



J. Eng. Applied Sci., 2 (3): 637-647, 2007

247
2.2
2
1.81
1.67
1.41
1.21
1
0.8
0.6
0.4 /
0.2 T
200

Te

Tt

/

Avetage Temp. (°K) (Thousand)

200
Time (107" sec)

0 400 600

Fig. 2. T,= Electron temperature of Tungsten T,= Lattice
temperature of Tungsten, Tranmsient Electron
Temperature m tungsten uradiated with 75 f5
Laser pulse of 16 GW cm™ on a film of thickness
400 A°. T =751s

electron concentration i conduction band remains
practically constant during the laser heating (barring
those that may be emitted by thermionic emission).

CALCULATION OF PUMPED
FREE ELECTRON CONCENTRATION

As the incident CO, laser power 1s absorbed by the
semi-conducting thin film surface the electron temperature
rises in comparison with the lattice temperature. The
electron stays hot with respect to the lattice for a time
much greater than the width of the laser pulse as
shown n Fig. 2-5.

Figure 2 shows the result of simulation for 400A" thin
film of tungsten with 16 GW cm ™ laser pulse of 75 fs
(107"s) duration. We clearly see that the electronic
temperature T, rises much faster than the corresponding
lattice temperature and there is clear non- equilibrium
between T, and T,. The FWHM (full width at half
maximum) of the maximum temperature 1s about 300 fs.
The electrons stay at a temperature of 1100 °K and in non-
equilibrium with the lattice. Here we assumed a electron-
phonon coupling of 10", This result is similar to that of
Bloembergen et al. (1984) and supports the numerical
method applied for the solution of T,, T, from above in
Eq. (4-11), for GaAs thin film.

Figure 3a shows the results of simulation for 280 A’
thick tungsten and GaAs thin films using 10 MW cm ™
peak power laser pulse of 1 ns duration. It 1s seen that n
the case of metal W, both T, and T, are at the same
temperature, while T,” and T} are significantly different.
For metal the equlibrium between T, and T,

nanosecond pulse regime 13 well known. The non-
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Fig. 3a: Transient electron temperature profile in GaAs
with t = lns the thickness. The film thickness
=28 %10-6 cm = 280 A" It is seen that due to
low electron phonon coupling n semi conductor,
the electron temperature is much higher than
the corresponding lattice temperature T,. The
lattice temperature for metal W is the same as
that of electron temperature. A, = 10 MW/cm’,
d=280A"

SIS
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[SPREP
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0.67

20
Time (107" sec)
Fig. 3b: The graph for thin film electron and lattice
temperature (thousands of Kelvin). Laser Peak
Intensity A, = 5 MW/cm?’ t = ins. D = 100 A"
Transient Electron Temperature Profile in a thin

film of GaAs with nanocsecond laser rradiation.
Pulse Width =1 ns

equilibrium between T, and T, in case of semiconductors
even In nanosecond pulse regime 1s new and not
investigated before.

Figure 3b shows results of simulation for 5 MW cm™
peak power pulse (t =1 ns) using 100A" thin film of GaAs
and W. In the case of W, the T, and T, are mseparable in
nanosecond whereas for GaAs a distinet non-equilibrium
between T, and T, exist over a period greater than the
pulse duration of the laser.

Figure 4 shows the simulation of {T,(t)} for GaAs
thin films of thickness 0.9, 1.1and 1.2 um (1 um=10"

2
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11x10°*

A, =350 MWem ®
1T =1ns

0.2 L] T T T 1
20 40

Time (107" sec)

Fig. 4: Different thickness of thun film. Transient electron
temperature Profile for different thickness
(d,=9107md,=12x10"m, d=1.1 x10* m ) of
thin film for the square pulse

m =107 m) for a square pulse, for a given peak-power of
the incident laser intensity. The simulation shows that
{Tt)) e depends on thickness of the film when the peak
power and duration are held constant. Tt also shows that
the decay to equilibrium temperature depends on the
{T.(1)) pae lower {T (L)) ....correspond to lower excitation.
For higher {T.(t)} ,..the decay is expected to be faster
because of faster transfer of energy to lattice as a result of
mcreased electron-phonon coupling. This calculation
seemmns to be in agreement with that of Jensen et al. (2003).

Figure 5 shows the simulation of {T(t); for GaAs thin
films of thickness 0.9, 1.1 and 1.2 pun for a Gaussian pulse
peak-power of 350 MW ~cm’ of the incident laser
intensity. Like Fig. 4, it also shows that {T,(t)} ... depends
on the thickness of the film when the peak power and
duration are both held constant. The decay is slower than
square pulse and lasts longer for longer film thickness.

As discussed earlier, in our simulation for GaAs
film, ¢ changes dynamically. Thus the decay rate also
changes dynamically as reflected in the three curves in
Fig. 4 and 5 depending on the film thickness.

Our investigations shows that the FWHM of the T -t
profile depends on many parameters like, the semi-
conducting material, thickness of the thin film, the width
of the laser pulse and its mtensity etc. The T (t) profile
would change with doping concentration in n-type GaAs.
For enhanced photoemission from such laser pumped
free-electron concentration in thin film semiconductors,
what is important is the FWHM and T,max/2 that will
determine the enhanced free electron concentration of
n,(T,) in the conduction band of the semiconductor. To
calculate the new n, as a function of T,, we can follow
two procedures:-
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d: 1.2x10" em
d; 1.1x10" ¢m

{Thousand)

Te Average Temp. ('K)

Time (10 sec)

Fig. 5. Different thickness of thin film. Transient electron
temperature profile for different thickness (d, =
9x107°md,=1.2x10"m, d= 1.1 x10" m ) of thin
film for the gaussian pulse

We assume that the relation (2) still holds at
increased T, then use to compute n,(T,). The n(t)
can then be obtained using the computed relation of
T, = T.(t) for a given thickness of thin film and
incident laser intensity.

Computed values of n,(t) are shown in Plots 6-%.
Following James one can calculate the exponential
growth rate 1 as a function of T, and then based on
calculations presented here one can obtain T.(t)
profile which then give us the 1 as a function of time
for the CO, laser pulse irradiation with a given
mtensity and duration of a semi-conducting thin film
of given thickness. Then the new 1, can be computed
using the following relation.

t
n, =Ny expjn(t)dt (15)

0

Our detailed calculation of n, using above method will be
presented on special request.

Transient electron temperature profile enhanced free
electron concentration in intrinsic GaAs with 3.5x10°
W/ecm® and pulse width T = 107 seconds. Due to two
electron-phonon coupling in semiconductors T, is much
higher, T, for metals is the same as that of T, d = 280A"
We now applied the expression for our simulation as and
using (2) for concentration m semiconductor to calculate
the concentrations at {T (i)} and {T\(1)} at time t. Here E_ is
the energy gap, MY, Mp are the effective mass of the

=

My,
0.07 M, (Lin and Cheng, 1981) and E, = 1.43 e¢V. The

graphs concentrations verses time profile 1s plotted as
shown in Plots 6-9. for various intensities and thickness.

electron and hole respectively. We used 3%
e
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Fig. 6 Transient electron concentration profile in GaAs
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Fig. 7. Transient electron concentration profile in GaAs
With 5 MW c¢m ™ and pulse width t, = 1ns. Thin
film thickness = 100 A"

Figure 6 shows the result of simulations for 280 A’
of GaAs thin films using amoderate power intensity of
10 MW cm ™ peak power laser pulse of 1 ns duration.

Figure 7 shows the result of simulations for 100 A°® of
GaAs thin films using a moderate power intensity of
5 MW cm peak power laser pulse of 1 ns duration.

Figure 8 shows the result of simulations for 280 A" of
GaAs thin films using a moderate power intensity of
3.5x 10° W cm ™ peak power laser pulse of 1 ns duration
for a square pulse.

Figure 9 shows the result of simulations for different
thicknesses of GaAs thin films using a moderate power
intensity of 3.5x 10 W cm™ peak power laser pulse of
1 ns duration for a Gaussian pulse.

It 18 seen from Fig. 6-9 that the concentration
increases dynamically as the time increases as well as the
electron temperature and the decreases. This is expected
as electrons are first heated and the energy gradually
transferred to the lattice in wiuch the whole system
thermalized and the source is switched off by the pumped
probe laser techmique. Then the concentration of the
charge carrier decay gradually as shown by the curves
(2-5), respectively.
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Fig. 8 Transient electron concentration profile in GaAs.
With 350 MW cm™ and pulse width T, = | ns.
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Fig. 9: Transient electron concentration profile m Ge.
With 350 MW cm™ and pulse width T, = 1ns. Thin
film of different thicknesses d = 1.2x107° m,
1.1x107°m, 9x10 'm

Thus theoretical investigation shows that semi-
conducting film offers an ideal medium of observing non-
equilibrium between electron and lattice temperatures in
the nanosecond laser pulse regune. For practical
application of these findings, what is important is that one
needs to have thin film of proper thickness matching the
peak power available laser pulse intensity such that T,
stays sufficiently hot (say above 1000 K) over a period
three to four times the width of the pump laser pulse, so
that a suitably delayed probe laser will be able to photo-
emit the hot electrons out of the surface (held at high
negative potential with the respect to accelerating anode).

PROPOSED EXPERIMENTAL SET UP

The experimental set-up of the electron source of the
photocathode is shown diagrammatically in Fig. 10 and 11.
The photocathode consist of a vacuum tube prepared
using an oxide-free technique in a glove box environment.
The semiconductor thin films are chemically cleaned and
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thin film with ohmie contact

Semi-conductions thin film
The metallic film deposited
through photolithooraphy and
vacuum coatings technique

Fig. 10: Diagrammatical representation of photoemtter

transported in a transfer vessel to the load-lock chamber.
From there, they are transferred to the preparation
chamber. After the growth they are transferred to the
photo emitter gun assembly design shown below.
Negative electron affinity is obtamed after deposition of
cesium and oxygen on the photocathode surface which is
deposited in in-situ condition by low thermal evaporation
in high vacuum condition (107" to 107" torr or, mm of
Hg). Such lugh vacuum 1s achieved through successive
use of rotatory pump, diffusion pump, ion or molecular
pump along with liquid nitrogen trap. The detail of the
arrangement of the vacuum pump s however not
shown m the Photo-Emitter Gun assembly (PEG) design
(Fig. 10and 11).

In the PEG design, we proposed that the semi-
conducting material be grown on a sapphire substrate
which is transparent and can be wrradiated by laser pulse
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from the back, if needed. In the proposed photo-emitter
design, the thickness of the semi-conducting film is
only of the order of a micron. Tf the pump and probe laser
are to wradiate the semiconductor/metallic film from the
front, then much thicker film can be used. As shown
earlier by the theoretical calculations, the hot electron
temperature and time-profile depend on incident laser
power apart from the semi conducting/metallic properties
and thickness.

For the laser irradiation the laser pulse from an
external source has to pass through a vacuum widow
which is to be placed on the laser entrance at the tail of
the laser arrow n Fig. 10. The vacuum window can be
made of two quartz foils of a few microns thick. Two foil
windows prevent catastrophic implosion, if by chance any
one of them develops any pinholes during construction.
MYLAR foils (Ziegler et al., 1996) can also be attempted.
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Fig. 11: Diagrammatical representation of faraday cup

The mamn vacuum chamber of the tube should be
operated at a pressure of 107 mbar. Since the
photoemission gun is run in the 107 mbar regimes, a
differential pumping stage using a small diaphragm should
be mounted at the exit of the electron gun chamber to
sustam the vacuum pressure difference. The pulsed laser
beam is focused onto the surface of the photocathode
and the extracted pulsed electron beam will be transported
to the center of the Faraday cup by means of a
superimposed longitudinal magnetic guiding field assists
to focus the beam to a desired diameter of below 100 pum
at the target (not shown in Fig. 10). Instead of magnetic
field guding electrostatic field guiding can also be used
by suitable design of the cathode (contaiming the photo
emitter) and the anode. The pump and probe laser
arrangement and the electronic delay between them 1s not
shown in the set-up.

CONCLUSION

Our theoretical vestigation shows that with
nanosecond CO, laser pump uradiation of semi-
conducting thin film surfaces, it is possible to create
significant non-equilibrium  between electron-lattice
temperatures. The average electron temperature {T,(t}) ..
the FWHM of the T(t) verses time profile, depend on
laser power intensity, thin film thickness, the incident
laser intensity time profile and duration T and property
of the semiconductor materials. Increased T, corresponds
to increased free electron (in conduction band)
concentration n, along with corresponding increase in
hole concentration. By suitably adjusting the above
parameter (so that the damage threshold for nanosecond
pulse 1s not reached), it 1s possible to increase n, in
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semi-conducting materials significantly for a time scale of
the order of 1 nanosecond. Two types of photo emitted
electron-beam could be expected from such laser pumped
electrons. The first is RLD types (Tensen ef al., 2003) and
the other using a probe laser with probe width of 1
nanosecond (and within the FWHM period of the T,
profile) of suitable frequency (hv probe > @. It is expected
that the pump probe techmique should give rise to
enhanced photo emitted electron-beam of charge content
greater than so far obtained from femto, picosecond laser
wrradiated metallic cathodes. Apart from the enhanced
photoemission, the above pump technique could also be
used for studies of nanosecond electron-dynamics of
semi-conducting surfaces.

Thermionic sources if used for FELs cannot be
switched on the picosecond time scale and the resultant
emittance of the electron beam is too large to allow for
Lasing (FEL) at desired wavelength. Tnstead of computing
the actual transient dynamical processes mvolved in
laser-heating of electron gas in dispenser metal cathode,
Jensen ef af. (2003) assumed adhoc electron temperature
variation with z through the equation.

Te(z)=Ty + [Te (0)—Ty exp{_lzﬂ (16)

Unlike that of Jensen et al. (2003) where the electron-
temperature (1s 1n equilibrium with metal lattice) 1s forced
to have the same time profile as the laser pulse, our
detailed theoretical analysis and the numerical analysis
show that the time-profile of electron T, depends on laser
power intensity, the thickness of the semi-conducting thin
film and characteristics of the semi-conducting materials
and the time profile shape of the laser pulse. The
enhanced free electron-gas remains hot over a time longer
than the duration of the laser pulse. It may be mentioned
that thin film semi-conductors offer a wide range of
materials to verify experimentally our above theoretical
results. The applications to the creation of high-
brightness and low emittance FEL may then be obvious.
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