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Abstract. A theoretical model describing the relaxation of charge carriers in semi-
conductors of high resistance under the influence of the laser pulses is presented. It
is demonstrated that parameters of the trapping states relevant to the processes of
the conductivity relaxation can be defined by fitting the experimental data. Time
evolution of the conductivity of the GaAs bulk semiconductor under the influence
of nanosecond and picosecond laser pulses is considered. Effect of two laser pulses,
when the first one results in population of the trapping state and the second one
induces its depopulation, is also considered.
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1. Introduction

High resistance semiconductors (e.g. GaAs) are widely used by manufactur-
ing the basic elements of microelectronics such as transistors, Schottky diodes,
etc. [4]. As a rule they are used for fabrication of the isolated substrate, on
which the relevant device is designed by means of the molecular beam epitaxy.
Properties of those devices depend very much on the quality of any separate
layer due to compensation of residual impurities by intrinsic defects. Impuri-
ties and structural defects cause a presence of electron/hole trapping states
in the band gap characterized by activation energies F; and the trapping
coefficients ~;. It is noteworthy that those defect states predetermine the pho-
toelectric properties of the system since they are responsible for electron-hole
recombination processes. Light-induced conductivity (i.e. photoconductivity)
relaxation is mainly defined by the band — band transitions or by transi-
tions into the impurity/defect states. Thus the relaxation kinetics contains
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the information about characteristics of those states, such as the trapping
cross-sections of electrons/holes, positioning of the states in the band gap and
the amount of those states (concentration). The scheme convenient for the
practical use to study the relaxation kinetics and its application by analyz-
ing the experimental data will be presented here. This scheme is a simplified
version of a more complex scheme, when the diffusion and drift of the charge
carriers are taken into account, when better understanding of such phenomena
is needed, for instance, by studying the heterostructures.

2. Formulation of the Problem

The scheme of electronic transitions related to a single deep trapping state
in the forbidden energy band gap is presented in Fig. 1 [6]. Ec determines
the conduction band and Ey is the valence band, thus, E, qualifies the band
gap, F1 defines the activation energy of electrons from the trapping state.
Arrows 1, 2, 3, 4 indicate the possible electronic transitions to the trapping
state and to the valence or to the conduction band, g(t), g1(t) are electron
generation paths by the laser pulses generated from the valence band or from
the trapping state. Usually, the set of multiple trapping states appears in the
forbidden energy band gap of the binary or multi-component semiconductors,
thus, a few of principle states have to be taken into account for modelling the
relaxation processes.

1 3 g(t) E, E,

2 4 g(t)

Figure 1. A simplified relaxation scheme in the doped semiconductor.
Electrons transitions, as shown by arrows in Fig. 1, are usually defined as
follows [6]:
1 — o Nem(mo +m), 2 — (M —mg —m)(ng +n),
3 = wPrm(M —mog—m), 4 — vp(mo +m)(po + p),
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where M is the concentration of the trapping states under consideration, mg
is the population of those states by electrons under thermal equilibrium con-
ditions, m is the non equilibrium concentration of electron population of the
same states (i.e., the difference of those populations, Am, is defined), electron
trapping rates: -, - electron trapping by the trapping state from the conduc-
tion band or 7, - hole trapping from the valence band, respectively, Ncas,
Py are statistical factors determined by the depth of the trapping states
E; and temperature T', ng, n and pg, p are concentrations of electrons and
holes under conditions of thermal equilibrium and caused by laser irradiation,
respectively.

The electron-hole recombination in such a system irradiated by the laser
beam and the corresponding initial conditions are defined by the following set
of nonlinear differential equations [2, 3, 7]:

dn ) , )
i St [V (o + Ny )mi — 45 (M; — mo; — ma)n] + g(t),
dmi i i i i
o = Ml @0 + Pyag) + (o +n+ Nepy)] (2.1)

+ 7 (M — moi)n — 7, (mo; +m;),
p =n + Z;’l:l mi7

n(0) =0, p(0)=0, m;(0)=0. (2.2)

In the case of electron generation from the deep trapping state (say, from the
second level, ¢ = 2), the first and third expressions of equation (2.1) are given
by:

dn ) . .
o = im0+ Ni)ma — 7, (M — mo; —mi)n] + g(t)
dmg

ke —ma[v2(po + PP o) + 7o (no +n+ Nl + v (My — moi)n

- 75 (mo2 + ma)p,

i.e., the electron from this particular state is also taken into account.
The laser pulse is usually assumed to be of the Gaussian shape:

t—t)?

g(t) = aBly exp (—7( 5 2) ) (2.3)
Ot

where « is the absorption coefficient, 3 is the quantum yield, Iy is the max-

imum fluence of a laser pulse, ¢y is the time moment, when the pulse of the

laser achieves its maximum value, o; is the shape of a laser pulse.

In the case, when the energy of the pulse laser Ej is known, equation (2.3)
can be rewritten as:

E _ 2
9() = hVa\ﬂ/%Sot P ( -t 20%0) )’
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where hv is the energy of light quantum.

In any particular case the amount of trapping states and their position-
ing in forbidden energy region have to be chosen to fulfil calculations by
means of the differential equations defined above. If the conductivity of the
non-irradiated semiconductor at several temperatures is known, the initial
selection of parameters can be "tuned". Under conditions of thermal equilib-
rium for each electronic level the detailed balance relationship has also to be
fulfilled for every electronic state, thus, giving:

Mleli MdQNQi
Poi t O o = noi +
noi + Noyy  noi + NEy

Ma Py, | Maa Py,
poi + Py, poi + Py,

(2.4)

In the following the parameters of four levels will be taken into account: two
donor levels My; and two acceptor levels M,;. By solving the system of four
nonlinear algebraic equations (no;, po; are known at four temperatures and
for chosen state positioning), the populations of those states will be defined.

The final goal is to identify parameters of the trapping states, which cannot
be defined directly. Having experimentally observed data of the conductivity
relaxation in the semiconductor volume at different temperatures and at dif-
ferent levels of laser irradiation, parameters of the trapping states and their
amount can be defined from fitting those experimental data by means of the
solution of equations (2.1). The set of equations (2.4) is sensitive to variation
of parameters, thus, the solution has to be fulfilled with enhanced precision.
Optimization goal function is defined as follows:

) , 25

Ao = min (Z
i
where og4,(ti) is experimental conductivity value at time t;, ocqi(t;) is the
conductivity value calculated at the same time point. So, the inverse prob-
lem is under consideration, and the goal is to minimize the relative error.
Model adequacy can be evaluated by bringing weights into optimization goal
function — at the end of the conductivity relaxation period the weight should
be smaller as the influence of other factors on charge carriers increases. Fi-

nally, it is supposed that each trapping state parameter belongs to the interval
[10711;1079].

UEwp(ti) — 0Cal (tz)
oBap(ti)

3. Solution of Direct Problem

For studies of the conductivity for the model with 4 trapping states the set of
nonlinear differential equations (2.1) under the initial conditions (2.2) has to
be solved for a selected values of eight parameters v,; and v, ¢ = 1, 2, 3, 4.
Eigenvalues of the model system (2.1) are scattered, therefore, methods of
solutions developed for stiff systems have to be applied. Since the problem has
to be considered on a wide time scale (107° — 107 s) or (10712 — 1078 g),
when the electron/hole concentration varies with different rate and at different
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times, the Gear method [5] with variable steps was applied. The reliability
of the obtained results is improved if the fitting is carried out for different
temperatures and for different excitation fluences. To assure the adequacy of
the model for the experimental conditions, further more extended modelling
as well as more costly experiments can be carried out.

The conductivity (Si/cm) of the volume of a semiconductor is defined as
follows:

o =e(ng+n)p, +e(po + p)ip, (3.1)

where e is the charge of the electron, ji,, p1, are the mobilities of the electrons
and holes, respectively.

4. Parameters Identification

A goal function of the given stiff system generally defines a very ravined
surface. Most of optimization methods reach the bottom of the ravine very
quickly, however, the optimization process stops far from the real minimum
point. The results of the optimization procedure also depend on initial pa-
rameters set. To avoid these problems genetic algorithm [1] was applied.

Discrete optimization problem was solved — all parameters were optimized
with rank precision. It is assumed that each parameter can obtain a value from
the interval {107,107, 1072,10=%,10~7, 10~ °}. Elitist algorithm modifica-
tion was applied with random mutation possibility and population evolution
of 30 generations.

5. Calculation Results and Discussions

Typical temporal evolution of the conductivity (experimental results [7] as well
as those from the theoretical fitting) under the action of the nanosecond laser
pulse is shown in Fig. 2. It is evident that the calculations give a qualitative fit
of the experimental results, however, there are still some deviations. Results at
different excitation fluences are shown in Fig. 3 and at different temperatures
in Fig. 4. The fitted results are obtained for parameters as indicated in Tab. 1.
The parameters of trapping states given in Tab. 1 were indicated on the
grounds of physical experience by testing several probable sets.

Table 1. The fitting results.

Mi(em™)  Ei(eV)  Anilem3s™') ~pi(em3s™!)

2,52-10'% 0,2 1-1076 1-1077
1,00-10* 0,4 1-107 1 1-107°
5,30-10% 0,78 1-107° 1-1071
2,52-10'% 1,2 1-1077 1-10°¢
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were also identified using genetic algorithm. The results of 20 calculation sets
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Figure 2. Conductivity relaxation under the influence of the nanosec-
ond laser pulse. Experimental results are indicated by dots and the

fitting data by the solid line.

Other situations corresponding to different temperatures and excitation
conditions are shown in Fig. 3 — Fig. 7. Parameters of trapping states values
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Figure 3. Conductivity relaxation under the influence of the nanosec-
ond laser pulse at different fluences. The upper data corresponds to
4 10%® photons/cm? and the lower data - to 4 10** photons/cm?.

are presented in Tab. 2.

The results of the optimization procedure for three experimental data sets
with different temperatures and excitation conditions are presented in Tab. 3.
Since optimization procedure results depend on experimental data accuracy,
calculation based on few data sets is obviously more reliable than the one

based on single experiment data.

The best result of the set 1 disagrees with the best result of the set 2 only

by single parameter value.
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Figure 4. Conductivity relaxation under the influence of the nanosec-
ond laser pulse at different temperatures. Dashed line corresponds to
T =400 K, crosses —to T' = 300 K.
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Figure 5. Conductivity relaxation under the influence of the picosec-
ond laser pulse. The solid line corresponds to calculations, the dots —
to the experiment.

Table 2. Parameters of trapping states values identified using a genetic algorithm.

Yni(cm3s™1) Ypi(em3s™h) Ao Fall density

{1075,107%,107", 107"} {1077,107%,107'*, 107} 8.71 0.35
{1075,107%,107",107'°} {1077,107%,107"*,107°} &.72 0.20
{107%,107%,1077,107 "} {1077,107",107'° 107%} 8.94 0.20
{1075,107"*,107%,107"*} {1077,1075,107'° 107} 9.11 0.05
{1075,1077,107", 107"} {1077,1077,107"*, 107} 9.12 0.05
{107%,107%,107%, 107"} {107%,107%,107",107°%} 15.03 0.05
{1075,107%,107%,107"}  {1075,107%,107°,107%} 15.83 0.10
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Figure 6. Conductivity relaxation under the influence of one and two
nanosecond laser pulses. The first laser pulse induces the band — band
transition while the second pulse generates electrons from trapping
state (E = 0,4 eV, ty = 5107 sec). The solid curve corresponds to
a single pulse, the dots demonstrate results corresponding to the case
of two pulses.

Relaxation of electrons

1le+15 o

le+14 4

1le-08 1e-07 1e-06 1e-05 .le-3
1(s)

Figure 7. Relaxations of the electron concentration in the trapping
state (E = 0,4 e¢V) in the case of excitation by one and two nanosecond
laser pulses. The solid curve corresponds to the case of one pulse, dots
- to two pulses.

Table 3. The results of the optimization procedure for different temperatures.

Yni(em3s™h) pi(em®s™h) Ao Fall density

{1075,107%,1077,207 "'} {1077,107%,107"*,107°} 29.95 0.25
{1075,107%,1077,107%}  {1077,107%,107",107°} 29.96 0.20
{107%,107%,1077,207"} {1077,1077,107",107%} 30.09 0.05
{1075,107%,1077,207""} {1077,107%,107",1077} 30.16 0.05
{1075,107%,107%,107 "} {1077,107%,107",107°} 30.28 0.05
{107%,107%,107%,207"'} {1077,107%,107",107%} 30.52 0.10
{107%,1077,107%,207""} {1077,107%,107",107%} 31.04 0.10
{1075,107**,107%, 107"} {1077,107%,107",107°} 31.55 0.25
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Figure 8. Conductivity relaxation under the influence of the nanosec-
ond laser pulse. The dashed line corresponds to the parameters indi-
cated in Tab. 1 and the solid line — to the first set in Tab. 2.
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Figure 9. Conductivity relaxation under the influence of the nanosec-
ond laser pulse at fluence 4 10%* photons/cm?®. The dashed line corre-
sponds to the parameters indicated in Tab. 1, and the solid line — to
the first set in Tab. 3.
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6. Conclusions

As demonstrated by fitting the experimental data, the parameters of the trap-
ping states, such as the energy depth, the concentration of the trapping states,
trapping efficiencies for electrons and holes, can be well determined using opti-
mization algorithms, though specific optimization methods should be applied.
To increase optimization reliability experimental data errors should be evalu-
ated. As soon as those values are defined, more complex experimental condi-
tions can be considered. For instance, the diffusion and drift of charge carriers
can be taken into account. Conditions with two excitation pulses provide the
possibilities to estimate the "inertness" of the system under consideration and
its dependence on the excitation level as well as the competition of the popula-
tion/depopulation between each of the trapping states. The latter is sensitive
to the wavelength of the excitation pulses. And finally, this fitting procedure
is valid for any semiconducting system providing better understanding of the
processes under consideration.
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