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Abstract

A numerical study of a model photoconductor under pulse and continuous-wave laser excitation is
presented. From the solution of a system of partial differential equations related to the populations
of conduction and valence bands we analyze the time behavior of the photoexcited concentrations of
electrons and holes where the diffusion phenomena and the presence of electric field are neglected.
Additionally, for the three-level model, the population of traps level is also introduced and analyzed
as a third variable. The dynamics of electrons, holes and traps levels concentrations are studied
in the presence of different types of pulse and harmonic laser photoexcitations. We show that an
improved physical insight is obtained through a systematic analysis of the influence of the main
physical parameters, such as generation and recombination rates, between the available energy levels.

Keywords: Photoconductivity, pulse laser, continuous-wave laser, generation and recombination rates,

partial differential equations.

1 Introduction

The photoconductive phenomenon, i.e. the phys-
ical mechanism which creates electron-hole pairs
from the absorption of electromagnetic radiation,
thus changing the electrical conductivity, has been
extensively studied for its interest in fundamental
material properties and for several practical appli-
cations [1]. Depending on the specific material,
the transitions of electrons and holes take place

either directly between valence band (VB) and
conduction band (CB) or through trap levels (TL)
situated in the energy gap. A careful analysis of
the dynamics of these transitions is necessary for
the optimization of different radiations detectors,
photoconductive switches and other photoelectric
devices [2, 3].

As a recent example, semiconductor-based
photoconductors are more and more studied
for high-frequency generation of electromagnetic
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waves with rapid progress over the past decade [4,
5]. In this context, high-speed photodiodes, e.g.
Uni-Traveling Carrier photodiodes [6, 7], are
emerging as essential devices for high data-rate
communication and related methods such as
beam-steering [8, 9, 10, 11]. Indeed, the photocon-
ductive-based sources are considered as promising
emitting devices because they can be coherent,
widely tuneable and cost-effective by operating at
room-temperature [12, 13, 14, 15].

While the generation of short pulses using opti-
cal excitation from ultrafast lasers has been stud-
ied in the literature [16], the case of continuous-
wave (CW) generation by downconverting two
single-mode laser signals or a dual-mode laser sig-
nal has received less attention [14] even if such
an analysis is mandatory to model correctly pho-
tomixer sources [10, 17, 18]. Moreover, even in
the case of pulsed excitations, available studies are
usually limited to a specific situation using a single
set of physical parameters.

To fill this lack of knowledge, in this paper,
we propose a simple but systematic numerical
analysis of the physical processes that take place
in a model semiconductor material excited by
pulse (Gaussian and square temporal functions)
and CW harmonic laser signals. The physical
model is based on a system of coupled differential
equations describing the band-to-band generation
and recombination processes possibly coupled to
the release and capture rates associated with the
transitions between the TL and the bands. In
particular, we present two models both taking
into account different excitation scenarios of inter-
est for practical situations. The former one is a
two-level model which considers only the transi-
tions between the VB and the CB for different
pulse durations and harmonic frequencies of laser
excitation. The latter one is a more complex three-
level model which includes the presence of TL
between the VB and the CB. In this case we
analyze the effect of changing the release and cap-
ture rates as well as the characteristic times and
frequencies of the laser excitations.

2 Physical model

This section describes the physical model used to
study the photoconductive dynamics of a model
semiconductor bulk sample excited by a laser
emitting photons at wavelength A\ (and frequency

v) and producing electron-hole pairs. The spatio-
temporal dynamics of the photo-excited electrons
and holes can be modeled by a system of coupled
equations describing the evolution of the photoex-
cited electron n(t) and hole p(t) concentrations,
within the CB and VB respectively, as functions
of time t. By assuming a negligible electric field
and neglecting diffusion phenomena, one can con-
sider that the carrier population and dynamics
are only affected by the generation-recombination
(GR) processes:

dn(t)
and ap(t)
P
- Gp — Ry, (2)

where, for electrons and holes respectively,

® G, and G}, are the generated densities of carri-
ers per unit time ;

® R, and R, are the recombinated densities of
carriers per unit time.

For most of semiconductor materials, it has been
shown that an important role can be played
by traps whose energy levels are located within
the energy gap [1]. Such traps can be intrinsi-
cally present as defects in the semiconductor bulk
material or intentionally introduced in order to
decrease substantially the carriers lifetimes for
high-frequency applications [20, 21, 19]. These lev-
els can be occupied by electrons and/or holes,
depending on their positions within the band gap.
In this work, we consider the case of a single level
trapping both electrons and holes. We assume that
the traps are distributed in a homogeneous way in
the semiconductor with a density sufficiently low
to be represented by a single TL. Since the TL con-
cerns both electron and holes, we describe the trap
population through the trapped electron density
only n:(t), and we note N; the available electron
states density, so that the trapped hole density at
time ¢ is equal to Ny — ng(t). In these conditions,
the trap electron population n; depends only on
the generation-recombination processes, so that

dnt (t)
dt

== Gt — Rt7 (3)
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where G; and R; are the generated and recom-
binated density of trapped electrons per unit
time.

The generation-recombination processes asso-
ciated with egs. (1)-(3) are schematically depicted
in Figs. 1 to 3 showing the possible transitions
of photoexcited carriers among the VB, the CB
and the TL. Electrons and holes are indicated
respectively with circles and squares. The transi-
tions between energy levels are reported as vertical
arrows, and the involved carriers leave an empty
symbol to reach a closed one. We can remark that,
for each population, there are two generation and
two recombination processes.

2.1 Generation-Recombination
processes

We discuss separately the balance equations for
the three variables n(t), p(t) and n.(t) describing
respectively the CB, VB and traps levels popu-
lations. In order to make explicit the GR terms
of egs. (1)-(3), we consider that each transition
induces a variation of the density equal to the
product between (i) the associated transition rate,
(ii) the density of carriers of the initial state
(that is able to make the transition) and (iii) the
available density of final states.

Band-to-band Band-to-band  Electron Electron
generation recombination  release  capture

Conduction band (CB) @ O [ ) O
e ol o
Optical @ @ Traps level (TL)
excitation
Valence band (VB)
Fig. 1: Generation-recombination processes

involving the electron density n(t). The processes
from 1 to 4 correspond to band-to-band electron
generation (from VB to CB), band-to-band elec-
tron recombination (from CB to VB), electron
release (from TL to CB) and electron capture
(from CB to TL), respectively. Closed circles
represent final occupied electron states and open
circles final empty electron states, respectively.

For what concerns n(t), we consider the fol-
lowing GR processes, ordered with the numbers
corresponding to those of Fig. 1 :

1. the band-to-band generation rate. If we note
N and P the densities of states of the CB and
VB, respectively, and F,. the transition rate in
cm3s~! the time variation of n(t) due to this

process can be written as
Gn1 = Evc (N - ’I’L) (P _p)a (4)

2. the band-to-band recombination with a rate
E,, expressed in cm3s™!, so that

Rn1 - Ecv np, (5)

3. the electron release from TL to CB, which con-
stitues a second generation term. It involves the
density of trapped electrons n; and of available
CB states N — n with a transition rate Fy., so
that:

Gn2 = Etc ¢ (N — TL), (6)

4. the electron capture from CB to TL, which con-
stitues a second recombination term, involving
the density of electrons n and the density of
available states in the TL, N; — n;. If we note
FE.; the transition rate, we obtain:

Rn2 = Ect n (Nt — Tlt). (7)

The PDE (1) describing the time evolution of
n(t) can then be explicitely written as

on

E:Evc (N—=n) (P—p)— Es np+t

Eieng (N—n)—FEqgn (Nt —ng). (8)

The GR processes associated with the hole density
p(t) are depicted in Fig. 2 and correspond to the
following processes:

1. the band-to-band recombination with transi-
tion rate H,. so that
Ry, = Hye p 1, 9)
2. the band-to-band generation with transition
rate H.,, depending on the density of holes in
the CB and the density of available states in
VB
Gp, = Hey (N —n) (P —p), (10)
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Conduction band (CB)

Traps level (TL)

W oy @ Tl

Optical
excitation @ @

Valence band (VB) [ ] . |
Band-to-band Band-to-band ~ Hole  Hole
generation  recombination  capture release

Fig. 2: Generation-recombination processes
involving the hole density p(t). The processes
from 1 to 4 correspond to band-to-band hole
recombination (from VB to CB), band-to-band
hole genneration (from CB to VB), hole capture
(from VB to TL) and hole release (from TL to
VB), respectively. Closed squares represent final
occupied hole states and open squares final empty
hole states, respectively.

3. the hole capture with a transition rate H,;
associated with the density of holes in VB and
the density of available states for holes in TL:

Rpg = oyt P Ny, (11)

4. the hole release from TL to VB described by
the transition rate H:, and depending on the
trapped hole population and the available VB
states:

Gpy = Hyy (Ne—ng) (P—p).  (12)

Then, we obtain the following VB hole popu-
lation PDE:

Op _
ot
— Hy png + Hyy (Ne —1ny) (P —p). (13)

_chpn+Hcv (N_n) (P—p)

Finally, the balance equation for ny(t)
describes the following processes, depicted in
Fig. 3 with the corresponding numbers:

® the electron release from TL to CB described

with a transition rate Ej. through the expres-
sion

Rt1 = Etc T (N — Tl), (14)

® the electron capture from CB depending on the

available electron states within the TL and on

the free electron density through the transition

Conduction band (CB)
Wwe e o0 e . O e
Optical Traps level (TL)

excitation

Valence band (VB)  Electron Electron  Hole capture or Hole release or
release  capture  electron release electron capture

O Electron (empty)
. Electron (full)

(] Hole (empty)
W Hole (full)

Fig. 3: Generation-recombination processes
involving the trapped electrons density n:(t).
The processes from 1 to 4 correspond to electron
release (from TL to CB), electron capture (from
CB to TL), hole capture (from VB to TL) and
hole release (from TL to VB), respectively. Pro-
cesses 3 and 4 can be alternatively represented
as electron release (from TL to VB) and electron
capture (from VB to TL), respectively Closed
circles/squares represent final occupied electron/-
hole states and open circles/squares final empty
electron/hole states, respectively.

rate F.; with the expression

th = ct TV (Nt — Tlt)7 (15)

® the hole capture from VB to TL, that can be
viewed as an electron release from TL to VB,
described as

R, = Hyt p nyg, (16)

® the hole release from TL to VB, that can be
considered as an electron trapping from VB to
TL described with the transition rate Hy, as

Gy, = Hyy (Ny — ) (P —p). (17)

Therefore, we obtain the following balance
equation for n(t)

87’Lt

W = —Fi. ny (N—TL) +Ean (Nt _nt)

+ Hyy (Ne —n¢) (P—p) — Hye png. (18)

2.2 Assumptions and simplifications

To obtain a suitable system of equations some sim-
plifications of the equations (8), (13) and (18) can
be performed.
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1. As concerns the photo-generation processes, we
remark that electrons and holes are always
involved by pairs, so that E,. = H.,. More-
over, if we consider that the photo-generated
population is negligible in comparison with the
available states (that is the case of a weak
photo-generation regime and a non-degenerate
material), we can write that P —p ~ P and
N —n=>~N.

Since N and P have constant values, the
generation depends only on the transition rate,
that is essentially on the power of the laser
and on the photo-excited volume. Then, we can
write

E,.(N —n)(P—p)=H,(N—n)(P—p) =G,
(19)
where G is the electron and hole photo-
generation rate, given in cm~3s7 1.
photo-recombination  processes also
involves always holes and electrons by pairs,

so that
Eownp=Hy,pn=Rnp, (20)

where R is the photo-recombination rate given
in cm3s~1.

If we focus on the band-to-band processes,
we can assume that, due to the neutrality of
the material, the orders of magnitude of the
quantities n and p are similar. Moreover, since
we place ourselves in a regime in which the
generation processes are sufficiently weak to
keep the material non-degenerate, the varia-
tions of n and p can be considered sufficiently
weak to suppose that R n and R p keep a
constant value. We introduce then the band-to-
band optical relaxation time 733, so that for the
cases of the electron and hole recombinations,
respectively,

Rnp= n_r (21)
Tob  Tob

3. As concerns the electron release from the trap

level to the CB, the weak photo-generation
regime allows to write that

Etc ¢ (N - n) = Etc Tt N, (22)

and, since N is constant, we introduce the elec-
tron untrapping rate g, = FEi. N given in
-

4. The same remark is made for the case of the

hole untrapping, so that
Hyy (Ne =) (P —p)=gp (Ne — 1), (23)

where g, = Hy, P is the hole untrapping rate
given in s~ 1.

5. As concerns the CB electron capture, we intro-
duce an electron relaxation rate 1/7, given in

s™t by 1/7, = Es Ny, so that

Eoun (Ny—ny) = > <1 - ]”Vt) . (20

Tn t

6. We do the same for the VB hole capture by
introduction a hole relaxation rate given in s~!
by l/Tp = HfUt Nt, so that

p Ny

H, = — —. 25
t PNy 7 N, ( )

Then, the PDE equations are rewritten as

dn n n o
— =G - — e — — | 1——1], (26
dt Tbb + gntu Tn( Nt) ( )

% = —% +G - T%]% + gp(Ne — ) (27)
and
dny n T
= gt P <1 = Nt) + gp(Ne — ne)
n
— %ﬁi (28)

Depending on the type of laser excitation the
three photo-generation rates g,, g, and G, which
are proportional to the optical power, can be
appropriately adjusted [19].

3 Two-level model

It is useful to analyze the GR processes in a sim-
plified two-level model where the TL are absent,
which corresponds to a perfect intrinsic semi-
conductor. This situation can be also used as a
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validation model to analyze the interplay between
the different characteristic times of the system. In
this case, the equation (28) for n; disappears and
equations (26) and (27) become

dn n

—=G—- — 29

dt Tob ( )
and J

P p

— =G—- — 30

dt Tbb, ( )

where it is trivial that n(t) and p(t) will exhibit the
same temporal dynamics determined by the inter-
play between the generation processes, modeled by
the G term, and the recombination processes con-
trolled by the band-to-band recombination time
Tpp- This latter, depending on the chosen semicon-
ductor, can vary within a quite large domain of
values [22, 23]. In our case, we choose a reasonable
value 7, = 1 ps corresponding to some typical
semiconductor as GaAs, InP, InGaAs and amor-
phous Si [24] but it is evident that, from a physical
point of view, what matters is just the compari-
son between the value of 7, and the time scale of
generation processes, i.e. G. Therefore the model
can be easily generalized to other situations where
the value of 73, can be significantly different from
1 ps.

As a first situation, we consider the case of a
pulse excitation where the generation rate takes
(t —to)?

202
G represents the maximum of the function, ¢ its
center and ¢? its variance. Indeed, in many prac-
tical cases the temporal behavior of a laser pulse
is approximated by a gaussian function [25]. Here
we choose a value Gy = 2 x 1010 ecm™3s71. We
report in Fig. 4 the behavior of n(t) for different
values of 0. We remark that when o (i.e. approx-
imately the time duration of the pulse) is larger
than 74, the concentration of photoexcited elec-
trons and holes follow the behavior of G(¢) and
keep also a gaussian shape reaching a maximum
value determined by the stationary solution n(t) =
G 7y, = 2x 10'° cm ™3 as shown in Fig. 4(a). How-
ever when o becomes comparable or smaller than
Tpp We observe two main modifications: the den-
sity of photoexcited electrons and holes does not
exhibit a gaussian shape anymore and its maxi-
mum value progressively decreases as the duration
of the excitation decreases (see Fig. 4(b)).

a gaussian form G = Gpexp |— where

0 100 200 300 400 500 600
t (us)
16 ‘ ‘
14 | o (s):1070 —
7 ren
12 f (b) 10
1 - 4

08 E
Z 06 F 1
0.4 . ]

02 f J;‘ ;
0 RS £\

270 280 290 300 310 320 330 340

t (us)
Fig. 4: Electrons concentration n(t) as a function
of time in the presence of a gaussian excitation.

(a) Standard deviation 0 = 10~% s and 1075 s. (b)
Standard deviation ¢ = 1076 s and 1077 s.

10" cm

A similar behaviour is obtained if the genera-
tion rate is described by a rectangular function of
the type G(t) = Gollp(t — to) where ¢ represents
the center of the function and 6 its duration. The
results are shown in Fig. 5 for different values of
f. Indeed, we observe that if the duration of the
laser excitation is longer than the band-to-band
recombination time the density of electrons and
holes keeps a shape similar to G(t) even if the rise
and fall parts are not sharp but governed by 7, as
shown in Fig. 5(a). However, when the duration of
the pulse 6 becomes comparable or smaller than
Tpb, the shape of n(t) is progressively modified in
a smiliar way as observed in the case of a gaussian
perturbation, i.e. the response is no longer rect-
angular and the maximum value of n(t) decreases
with decreasing value of 6 (see Fig. 5(b)). It is
interesting to analyse the maximum density of
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0 (s):1074 —
ol () 1075 -
-~
§1sl ]
o
=)
T 1t ]
C
0.5 | ]
NN A
240 260 280 300 320 340 360 380 400
t (us)
(b)
_2f 0(s): 105 — 1
7 107 -
§ 15 ]
o
=)
Z 11t ]
c
05 [ ]
O oL L
240 245 250 255 260 265
t (us)

Fig. 5: Electrons concentration n(t) as a function
of time in the presence of a square excitation. (a)
Duration # = 10=* s and 1075 s. (b) Duration
6 =10"%sand 1077 s.

photoexcited electrons and holes as a function of
the pulse duration (i.e. o for the gaussian case and
0 for the rectangular case) as shown in Fig. 6. We
remark that, independently of the temporal shape
of the excitation, when its characteristic duration
becomes smaller than 7, the photoexcitation is
progressively less effective and the maximum con-
centration of photoexcited carriers is smaller than
expected due to the fact that the system cannot
reach the stationary conditions.

Another type of excitation can be obtained by
superposing two CW lasers with close frequencies
thus producing a laser beating where the envelope
of the two signals behave as an harmonic function
oscillating at the difference frequency [26]. This
technique is typically used for frequency down— or
up—conversion as, for instance, in the case of CW
terahertz generation [27, 28]. Figure 7 reports the

10
& 1010 ] " " .,
§ -
= ° o =
= 1% o e ]
S .
108 :
10 0 8 T e s a3
10 10 10 10 10 10 10
o, 0 (s)

Fig. 6: Maximum values of the electrons concen-
tration n(t) as functions of the standard deviation
of a gaussian excitation o (closed circles) and
of the duration of a square excitation 6 (closed
squares).

temporal behavior of n(t) for two beating frequen-
cies: the former one (f = 107 Hz) is comparable
to the inverse of the band-to-band recombina-
tion time (1/7y, = 10% Hz) while the latter one
(f = 10'2 Hz) is much bigger. In all cases, after an
initial transient, the time behavior of n(t) is har-
monic with an oscillating frequency corresponding
to the beating frequency of the lasers. However the
amplitude of the oscillations decreases when the
beating frequency increases and becomes greater
than I/Tbb.

This effect is shown in Fig. 8 which reports
the maximum and minimum values of the con-
centration of photoexcited carriers as functions
of the beating frequency: we observe that at
increasing beating frequencies the amplitude of
the oscillations becomes significantly reduced.

This effect should be taken into account since
it can reduce the up-conversion efficiency. One
possibility to counteract the effect in the reduction
of the amplitude of the harmonic oscillations is to
increase the generation rate which, from a practi-
cal point of view, means to increase the power of
the laser. Therefore in Fig. 9 we have reported the
value of Gy that should be employed to recover
the initial values of electrons concentration n(t)
which is determined by the stationary condition
and equal to n(t) = 2x 10'° cm=3.

For very short pulse durations the results
shown in Fig. 9 demonstrate that the amplitude of
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Fig. 7: Electrons concentration n(t) as a function
of time in the presence of a harmonic excitation.
(a) Frequency f = 107 Hz. (b) Frequency f =
10'? Hz.
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Fig. 8: Maximum values (closed squares) and
minimum values (closed circles) of the electrons
concentration n(t) as functions of the frequency of
a harmonic excitation.
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Fig. 9: Value of the amplitude of the excitation
G to recover the initial maximum electrons con-
centrations as function of o (closed circles) and 6
(closed squares).

the laser excitation should be increased of almost
two orders of magnitude in order to recover the
same concentration of photocarriers.

4 Three-level model

In this section, we consider the GR dynamics in
the presence of TL which are supposed to be
located in a generic position within the band gap
and to act as traps for electrons as well as for
holes, as illustrated in Fig. 3. The study of the
transitions of electrons and holes through the TL
is here presented in two steps: at first we analyze
the transient behavior of the different concentra-
tions starting from an initial arbitrary state in the
absence of laser excitation, then, in a second time
and when the stationary state is achieved, we dis-
cuss the effect of the presence of different types of
laser excitations.

4.1 Transient behavior in the
absence of photoexcitation

For the study of the transient behavior we con-
sider the initial state corresponding to all energy
levels empty, i.e. n(t) = p(t) = n:(t) = 0. Before
analyzing the results of simulations, it is worth-
while to remark that analytical solutions for the
stationary values of the different concentrations
can be obtained. Indeed, by solving the system
of coupled equations (26),(27) and (28) without
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band-to-band generation G, we get the following
expressions:

_ gp (Ne —my)
1 Ta (31
Tob  Tp IVt
and
InTt
= 2
p 1+1<1_m>’ (32)
T Tn Ny
where
9oV, (T" + 1)
o bb
ny = oy p , (33)
—dp 24— | —gn—
T Tbb

which can be compared to the numerical results.

Figure 10 shows the transient behavior of the
different concentrations when the generation rates
of electrons and holes are equal. If, in addition
to the condition that g, = gp,, both quanti-
ties are almost equal to 1/7, = 1/7,, the time
evolutions of electrons and holes concentrations
remain nearly the same and exhibit an exponential
increasing behavior (see Fig. 10(a)). In this situa-
tion only one time scale determines the transient
behavior. The decreasing of the untrapping rates
gn = gp to a value equal to 1/my (i.e. the inverse
of the band-to-band recombination time) modi-
fies significantly the transient behavior of n(t) and
p(t) which are no longer equal at any time as in
the previous case (see Fig. 10(b)). Here, before
reaching an equal stationary value, p(t) exhibits
an overshoot behavior evidencing the presence of
two time scales.

In both cases the stationary value of n.(t) is
equal to N¢/2 which indicates that the TL are half
occupied and half empty.

It is interesting to study the effects induced
by a change in the generation and recombina-
tion rates on the different concentrations. In order
to keep the analysis sufficiently simple, we keep
Tn = Tp When discussing the effect of a change in
the generation rate and g, = g, when the recom-
bination rate is varied as shown in Figs. 11(a) and
(b), respectively.

On one hand, when the electron generation
rate is increased to a value equal to 10g, =
T%,which favors the transitions of electrons from

100 ]
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e 80} (@) p - ]
o nt .....
© 60| ;
=
o 40 [ T
=
20 .
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Fig. 10: Electrons n(t), holes p(t) and traps n(t)
concentrations as functions of time in the absence
of photoexcitation with 7, = 1076 s, 7, = Tp =
4x107" sand N, = ng = 6.3 x 10" cm™3. We take
(a) gn = gp =7x107 ecm™3s~! and (b) g, = g, =
10% cm—3s~

TL to the CB, we observe a quite similar increase
of n(t) and p(t). However an increase of g, is
accompanied by a significant decrease of the TL
concentration n;(t) as evidenced in Fig. 11(a) and
confirmed by eq. (33). In addition, in this situ-
ation, the recombination processes between the
band and the TL (given by the case 7, = 7,
) are dominant compared to the band-to-band
processes (governed by 7pp).

On the other hand, when the electron recom-
bination time is slowed down to a value 7, = 10
7, but keeping equal generation rates (g, = ¢p),
the transient of n(t) toward its stationary value
becomes longer and a more significant difference is
observed on the time evolutions of n(t) and p(t) as
reported on Fig. 11(b). Moreover, the TL become
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Fig. 11: Electrons n(t), holes p(t) and traps n(t)
concentrations calculated for different electrons
generation rates g, and recombination times 7,
with 7, = 107% s, 7, = 4 x 107" s, g, =
10% em™3s™! and N; = ng. We take (a) g, = 10g,
with 7,, = 7, and (b) 7, = 107, with g,, = g,.

more filled by electrons (i.e. the stationary value
of ny(t) increases) while band-to-band processes
do not have a significant influence.

Indeed, the effect of band-to-band recombi-
nation on the time evolution of the different
concentrations is analyzed in Fig. 12 where calcu-
lation are performed for the case g, = 1/7, = 10g,
and g, = 1/7,.

We remark that in this case egs. (31), (32) and
(33) are simplified to:

(34)

t (us)
2.5 :
(b)
c?A 2 - i
5
- 15 | [~ E
El g (5): 8
H T S). T, = 1
= bb 7/21:: -----
271, =--
0.5 .
0 1 1 1 1 1
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Fig. 12: (a) Electrons n(t) (continuous lines) and
holes p(t) (dotted lines) concentrations, (b) traps
n¢(t) concentration as functions of time calculated
for 7,y = 87, (curves labeled 1), 7 = 7/27,
(curves labeled 2), 1, = 27, (curves labeled 3).
The other parameters are 7, = 4 x 107" s, g, =
1/7, = 10g,, g, = 1/7, and N, = ny.

Ne(1=7)
p=—— (35)
Tvb
and
ng = ’YNta (36)
Tn + Thb
where y = ———
117, + 27

The progressive decreasing of 73, by the values
8Tn, %Tn and 27, leads to smaller values of the TL
filling equal to N;/3, N;/4 and N;/5, respectively,
as can be easily shown through eq. (36) where
vy = %7 i and % Indeed when the band-to-band
recombination becomes faster, there is a weaker
probability that TL are occupied thus leading to

the decrease of n;(t) shown in Fig. 12(b).
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In parallel, the concentration of electrons and
holes as well as the duration of the transient
increase when the band-to-band recombination
processes are slow, as shown in Fig. 12(a). In con-
trast, the recombination processes from CB, VB
and TL are much less important for smaller values
of Tpp: this leads also to smaller stationary values
of electrons and holes concentrations

4.2 Gaussian photoexcitation

After reching their stationary values, we analyze
here the effect of a pulse band-to-band photoexci-
tation having a gaussian form of the same type as
studied in section 3. Moreover, since this previous
study has evidenced that there is no significant
physical difference in the responses to a square
with respect to a gaussian excitation, we have here
limited our analysis only to the second case.

In Fig. 13 we present the time evolutions
of the three concentrations n(t), p(t) and n:(t)
resulting from a gaussian photoexcitation of differ-
ent durations (i.e. different standard deviations)
superimposed to the respective stationary values.
Again, to simplify the analysis, we have considered
only two situations: the former one corresponding
to gn = gp and the latter one corresponding to
gn = 10gp.

The stationary photocarriers concentrations
(electron n and hole p) increase from 1.4x10'!
cm ™3 to 3.6x 10! cm 3 when the electron genera-
tion rate increases from g, = g, to g, = 10g, (see
Fig. 13(a)), however their time evolutions remain
similar in both cases. Indeed, as long as the dura-
tion of the pulse is comparable or longer than
the recombination times (and inverse generation
rates), the time behaviors of n(t) and p(¢) follow
the shape of the photoexcitation impulse.

When the duration of the pulse becomes
shorter, we observe a progressive decreasing of the
maximum values of n(t) and p(¢) and significant
deviations from the gaussian shapes which become
strongly asymmetric (see curves labelled 2 and 3 in
Fig. 13(a)). As a result, the spectral content of the
photoconduction will be significantly modified.

In parallel, high values for the TL occupa-
tion can be observed in the case of g, = 10g,
(see Fig. 13(b)). while it keeps a constant value
for the case g, = gp, which means that no addi-
tional filling of TL is observed in the second case.
For this reason the curves of n:(t) are reported

5 ~
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% 2
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o
~ 35 F 3 R
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Fig. 13: (a) Electrons n(t) (continuous line) and
holes p(t) (dashed lines) concentrations as func-
tions of time calculated for g,, = g, and g, = 10g,.
Curves labeled 1, 2 and 3 correspond to stan-
dard deviations of the gaussian photoexcitation
o =10"%s, 1077 s and 1078 s, respectively. (b)
Traps n;(t) concentrations as functions of time cal-
culated for g, = 10g, and the reported standard
deviations. The other parameters are 7, = 1076 s,
T =T, = 4x 1077 s, g, = 10° ecm™3s7! and
Nt = Nyg.

in Fig. 13(b) only when g, = 10g,. In summary,
for high electron generation rate (g, = 10g,) and
longer photoexcitation time (¢ = 1076 s), the
generation processes of photocarriers in CB, VB
and TL are favored more than the recombina-
tion process toward de TL, and a sharp pic in n;
concentration is obtained.

Figure 14 illustrates the time evolutions of
n(t), p(t) and ns(t) for the same standard devia-
tions as in Fig. 13 but calculated for two different
situations: equal recombination times 7, = 7,
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Fig. 14: (a) Electrons n(t) (continuous line) and
holes p(t) (dashed lines) concentrations as func-
tions of time calculated for 7, = 7, and 7, = 107,,.
Curves labeled 1, 2 and 3 correspond to stan-
dard deviations of the gaussian photoexcitation
o =10"5s, 1077 s and 107% s, respectively. (b)
Traps n;(t) concentrations as functions of time cal-
culated for 7, = 107, and the reported standard
deviations. The other parameters are 7, = 1076 s,
= 4x1077 s, g, = g, = 10° ecm™3s7! and
Nt = Nyg.

and faster electron recombination time 7, = 107,
but, in both cases, keeping equal generation rates
9gn = gp. To avoid superimposition of the curves,
the central time of the gaussian photoexcitation
has been shifted in Fig. 14(a).

Analogously to the results shown in Fig. 13,
the stationary values of n(t) and p(t) depend on
the values of the recombination times and they are
actually equal to 2.1 x 10 ecm™ (for 7, = 7,)
and 1.4 x 10! em™3 (for 7, = 107,).

Despite a slight difference in the time evolu-
tions of n(t) and p(¢), which has been already
evidenced in the study of the transient behavior
(see for instance Fig. 11(b)), the results obtained
by varying the recombination time are qualita-
tively similar to those obtained by varying the
generation rates previously shown in Fig. 13.

The main difference concerns the behavior of
the occupied traps concentration n(t). Indeed,
while for the case 7,, = 7, no change in n(t) is
observed (not reported in Fig. 14(b)), an increase
of the electron recombination time to a value
Tn, = 107, favors a decrease of the population of
electrons on the TL because they spend more time
in the CB. As a consequence, n:(t) exhibits the
reversed behavior shown in Fig. 14(b) evidencing
that a larger effect is obtained for a longer dura-
tion of the gaussian photoexcitation (see the case
o = 107% s in Fig. 14(b)). In contrast, a faster
pulse (0 = 1078 s) leads to an almost constant
value of n; because almost no trasition to the TL
is observed.

4.3 Harmonic photoexcitation

In this section we consider a harmonic excitation
of two CW lasers oscillating at the beating fre-
quency f applied to the three-level bulk semicon-
ductor where the stationary condition is already
achieved. This harmonic excitation is assumed to
pump the electrons from the VB to the CB. This
band-to-band generation is modelled by introduc-
ing the generation rate G = Gy (sin(27f))? in
egs. (26) and (27).

The effect of electron generation rate g, =
10g, and electron recombination time 7, = 107,
on the temporal behavior of electron n(t), hole p(t)
and traps n:(t) is reported in Fig. 15 (a) and (b),
respectively.

A harmonic response corresponding to the
beating frequency of the laser photoexcitation is
observed in the reponse of all concentrations. In
addition, the amplitude of the oscillations is found
to depend, on the one side, on the excitation fre-
quency and, on the other side, on the values of the
generation rates and recombination times.

To get a better physical insight into these
processes we have focused the attention on the
maximum and minimum values of the concen-
trations oscillations. The effect on the amplitude
of the concentrations oscillations of a progressive
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Fig. 15: Electrons n(t), holes p(t) and traps n(t)
concentrations as functions of time in the presence
of a harmonic excitation of frequency f = 107 Hz.
(a) Electron generation rate g, = 10g, and (b)
Electron recombination time 7,, = 107,. The other
parameters are 7, = 107° s, T, = 4 X 1077 s,
gp = 105 cm™3s71, Gy = 2 x 106 em™3s™! and
Nt = ng.

increase of the frequency of the photoexcitation
from f = 10? Hz (i.e. a value much smaller than
the different generation rates and inverse recom-
bination times) to f = 10'2 Hz (i.e. a value
much greater than the different generation rates
and inverse recombination times) is analyzed in
Fig. 16. As a general trend we observe that, in the
low frequency region, the amplitude of the oscil-
lations of all concentrations is great, which is a
consequence of the fact that n(t), p(t) and n.(t)
follow the time behavior of G(t) as if the system
was near to quasi-stationary conditions. Moreover
a slightly higher amplitude of the oscillations is
found in the electrons and holes concentrations
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- S + 8 v w® i
v—e 4 - . 4
s35F 2 ;
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Fig. 16: Maximum and minimum values of (a)
electrons n(t) and holes p(t) concentrations and
(b) traps n; concentration as functions of the fre-
quency under harmonic excitation calculated for
gn = 10g, (squares and circles) and for 7, =
107, (triangles and diamonds). The other param-
eters are 7, = 1070 s, 7, = 4x 1077 5, g, =
108 cm™3s~! and N; = no.

for an increased electrons recombination time (tri-
angles and diamonds in Fig. 16(a)) than for an
increased electrons generation rate (squares and
circles in Fig. 16(a)). This effect is reversed if the
oscillations in the traps concentration is observed
as reported in Fig. 16(b). When the frequency of
the photoexcitation becomes comparable to the
shortest characteristic time of the system (either a
recombination time or an inverse generation rate),
the amplitude of all the concentrations oscillations
tend to progressively disappear since the system
is no longer able to follow to excitation signal.
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5 Conclusion

In this paper, we have studied the semiconduc-
tor photoconductivity dynamics under pulse and
harmonic laser excitations in the frameworks of
two-level and three-level models.

The analysis is based on the numerical solution
of the system of partial differential equations for
the concentrations of electrons, holes and occupied
trap levels considering all the physical processes
responsible for the transitions of photocarriers
between the bands and the traps level. The pres-
ence of an electric field and diffusion phenomena
are neglected and could be topics for futures
studies.

In the first simplified situation (two-level
model), the calculations consider the generation-
recombination processes between the valence and
conduction bands with different scenarios of laser
excitation. The pulse temporal behavior of a laser
was approximated by gaussian and rectangular
functions where the influence of the time duration
of the pulse on the electrons and holes concen-
trations has been investigated. For the continuous
wave excitation the temporal behavior of the con-
centrations follows the harmonic excitation while
its amplitude has been found to depend on the
beating frequency.

In the second situation (three-level model), the
dynamics of electrons, holes and occupied traps
concentrations are discussed in two steps. In the
former one, we considered the trasient behavior
starting from empty bands and traps levels in the
absence of any laser excitation and we studied
the influence of the generation and recombination
characteristic times.

In the latter one, we have considered the pres-
ence of pulse or harmonic laser excitations while
the influence of their duration and frequency on
the stationary behaviors of electrons, holes and
occupied traps concentrations have been analysed
with respect to the intrinsic characteristic times
of the system.

These results pave the way for a better under-
standing of photoconductivity dynamics in semi-
conductors under optical regime and could be
useful to predict the performances of present and
future photoconductive devices and systems.
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