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Chaotic behaviours and control of chaos in the
p—Ge photoconductor*
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The chaotic behaviours in the p—Ge photoconductor system are studied by changing the photo-excitation coefficient

and the routes and parameter conditions are given for chaos generation in this system. A scheme for controlling chaos

in the p—Ge photoconductor is presented by adding an ac bias current. Numerical simulations show that this scheme

can be effectively used to control chaotic states into stable period states for this system. Moreover, the different period

states with different period numbers can be obtained by appropriately adjusting the amplitude, frequency, and initial

phase of the additional ac current.
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1. Introduction

With the rapid development in fabrication tech-
nology and extrinsic semiconductor materials, investi-
gations on extrinsic photoconductors have attracted
much attention due to their extensive applications,
such as photo-detectors and sensors. Previously,
Teitsworth et al.l'~4 studied nonlinear oscillations
and chaos in extrinsic Ge photoconductors experi-

mentally and numerically; they alsol>!

reported fre-
quency locking, quasi-periodicity, and chaos in extrin-
sic Ge photoconductors. Shiau et al.l’=1% studied nu-
merically chaotic behaviours in n—-GaAs. Kyritsi et
al.1121 reported chaotic photoconductivity and the
period doubling route to chaos in excited photocon-
ductors. Recently, Feng Yu-Ling et al.l'® reported
anti-control of chaos in the p—Ge photoconductor. On
the other hand, chaos control has become a main re-
search subject for some researchers working in this
field. Many experts have successfully completed chaos
control in different nonlinear systems by using differ-

s.14.35] Thus, the control of chaos in pho-

ent method
toconductors is also important because the stable pe-
riodic states in detectors made from the p—Ge photo-
conductor are preferred in many applications. In this
paper, we will study chaos behaviours in the p—Ge
photoconductor by changing the photo-excitation co-
efficient, then a scheme for chaos control in this system
is presented by using an added ac bias current, and the

validity of this scheme is demonstrated numerically.

2. Chaotic behaviours in p-Ge

photoconductor

The dynamical equation of the cooled p—Ge pho-
toconductor used here is given as follows:[2!

d
£ =v(a — ay) + pk(a — a.) — pray,
dFE
EE = Jext — €pua,
p=a,—d,
Jext = Jo + AJ SiH(QWfdrt), (1)

where p is the hole density, v is the hole genera-
tion rate induced by photo-excitation, i.e., the photo-
excitation coefficient; a is the total acceptor density;
a, is the time-dependent ionized acceptor density; k
and r are the field-dependent impact-ionization rate
and recombination rate, respectively; e(d E/dt) is the
displacement current and ¢ is the dielectric constant;
Jext is the external current density and its dc and ac
components are Jy and AJ sin(27 fq,t), respectively;
vq is the field-dependent drift velocity, and d is the
compensating donor density. Here we assume that the
space charge is neutrality. So k, r, and vq are given

as follows:[3:16]

[(1/2)m.v3/B]V/?
1+ (1/2)m,v3/B
1
T+ exp{[B — (1/2m. o3l /ksTh}

k= ko

(2)

*Project supported by Scientific and Technological Development Plan Program of Jilin Province, China (Grant No. 20090309).

fCorresponding author. E-mail: fyl0819@yahoo.com.cn

@© 2010 Chinese Physical Society and IOP Publishing Ltd

http://www.iop.org/journals/cpb  http://cpb.iphy.ac.cn

060511-1



Chin. Phys. B Vol. 19, No. 6 (2010) 060511

ro((3/2)ksT /U2,
vs(2/7) tan " [(7/2) uE Jvg],

r

(3)
(4)

where kg and r¢ are the impact ionization and recom-

Vd

bination coefficients, respectively; B is the impurity
ionization energy; v, i, and m, are the saturated drift
velocity, the mobility, and the hole effective mass, re-
spectively; U is the average kinetic energy per hole;

my, Th, and U are expressed as follows:[3:16]

ms = 0.35myg,
(3/2)kpTh = (3/2)ksT + n(1/2)m,v3,

U= (3/2)ksT + (n+1)(1/2)m.v3, (7)

where my is the electron mass, the coefficient 7 mod-
els the balance between spreading and displacement
in the drifted Maxwellian; here we take 7 ~1.0.[3:16]
To study chaotic behaviours in the p—Ge photo-
conductor system, we solve Egs. (1)—(7) numerically.
In this work, the differential equations are solved by
using a variable time-step fourth-order Runge-Kutta
algorithm with total steps Ngtep = 1.0 X 10°, and the
bifurcation diagrams are plotted by recording the lo-
cal maxima in the time series.'”) The parameter val-
ues used here are chosen according to the require-
ment of Ref. [1] and listed as follows: a = 10! /cm?,
d=3.0x10"/cm? ry = 1.0 x 107 cm?3/s, AJ =
4.22Jo, ko = 2.0 x 107% ecm3/s, vy = 1.0 x 107 cm/s,
p=1.0x10% cm?/Vs, Jo = 1.3 x 1077 A/em®, B =
10 meV, fq, = 0.32 foy, fo is the character oscillation
frequency of this p—Ge system with these parameter
values and at AJ = 0, here fy ~10000 Hz. Then,
the bifurcation diagram is presented in Fig. 1, where

l

one can find that this p—-Ge photoconductor system
can enter into chaotic states through the intermit-
tency route and period-doubling bifurcations by in-
creasing and decreasing the vy value, respectively. One
can also see that for 1.75 x 107* < v < 4.4 x 107
this photoconductor system is in periodic states; for
5.0 x 1075 < v < 1.75 x 10~* this system is in chaotic
states, which are occasionally interrupted by periodic
windows. Thus, the state of this photoconductor sys-
tem can be changed by adjusting the photo-excitation
coefficient ~. In order to further show chaotic and
periodic attractors, according to Fig. 1, we choose
vy=42x10"% vy=22x10"% and y = 1.0 x 104
Then, the corresponding attractors, power spectra and
time series of the hole density p are presented in Fig. 2,
where figures (al), (a2), (a3), and (bl), (b2), (b3)
show that this system is in a 1-period (1P) state and
a 4-period (4P) state, respectively; while figures (c1),
(c2), and (c3) show that this system is in a chaotic
state.
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Fig. 1. Bifurcation diagram of the p—Ge system versus =.
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Fig. 2. The attractors on the plane E—p, time series and power spectra of p, at different v values; figures (al), (a2) and
(a3) are for the 1P state, v = 4.2 x 10~%; (b1), (b2) and (b3) are for the 4P state, v = 2.2 x 10~%; (c1), (c2) and (c3)

are for the chaos state, v = 1.0 x 104, respectively.

3. Scheme and numerical simula-

tions

3.1. Scheme for chaos control

Here we propose a scheme for controlling chaos in
the p—Ge photoconductor based on the periodic signal
perturbation theory'®19 by adding an ac current to
the original bias current. In this case equation (1) can
be expressed as follows:

d
d—]; = v(a — ax) + pk(a — a.) — prax,
dF
(:‘E = JO + AJ Sin(Zﬂ'fdrt)
+ mJpsin(2mn fart + ) — epuy,
p = a,—d, (8)

where mJy, nfqr, and « are the amplitude, frequency,
and initial phase of the additional ac current, respec-
tively; m and n are the amplitude coefficient and fre-
quency coefficient, respectively. Here m, n, and « can
be taken as the control parameters, so as to achieve
chaos control.

3.2. Numerical simulations and analyses

To illustrate the process of chaos control in this
scheme, firstly the p—Ge photoconductor system is
kept in the chaotic state, as shown in Fig. 2(cl). Sec-
ondly, numerical simulations are carried out by solving
Egs. (2)—(8) in two cases, that is: in case I the am-
plitude coefficient m is used as the control parameter;
and in case II the initial phase « is used as the control
parameter.

In case I, we considered two different conditions:
one is for the initial phase a = 0; the other is for

a #0.

We first solve Egs. (2)—(8) by changing the am-
0, n = 0.5, and other
parametric values are the same as those in Fig. 2(cl).

plitude coefficient m at a =

Then the bifurcation diagram is presented in Fig. 3,
where one can see that for 0.19 < m < 0.96 and
1.28 < m < 2.0 this photoconductor system is in
periodic states. In order to further clarify that this
system can be in different periodic states with differ-
ent m values, according to Fig. 3 we choose m = 0.7
and m = 1.6. The corresponding attractors and time
series of p are presented in Fig. 4, where subfigures
(al), (a2), and (bl), (b2) show that this system is in
the 10-period (10P) and 4-period (4P) states, respec-
tively.

Pmax/10° cm 3

Fig. 3. Bifurcation diagram of the p—Ge system versus m
for « = 0, n = 0.5; the other parameter values are the
same as those in Fig. 2(cl).

Now we solve Egs. (2)—(8) by changing the ampli-
tude coefficient m at a = 2.0, n = 0.5, and the other
parameter values are the same as those in Fig. 2(cl).
Then, the bifurcation diagram is presented in Fig. 5,
where one can see that for 0.04 < m < 0.22, 0.27 <
m < 0.42, 0.67 < m < 0.76, and 1.17 < m < 1.42,
this p—Ge photoconductor system is in periodic states.
Similarly, to further indicate that different period
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states can exist in this controlled system, according
to Fig. 5, we choose m = 0.08 and m = 0.19. The
corresponding attractors and time series of p are pre-
sented in Fig. 6, where subfigures (al), (a2), and (b1),
(b2) show that this system is in the 9P and 4P states,
respectively. Therefore, for both & = 0 and « # 0, the
chaotic state as shown in Fig. 2(c1) can be controlled
into different stable period states as shown in Figs. 4
and 6 by choosing proper m values.

In case II, we change the initial phase a within
the range 0 < a < 6.0 and hold n = 0.5, m = 0.05;

1 (al)
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129 (b1)
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other parameter values remain the same as those in
Fig. 2(c1). The numerical results of Egs. (2)—(8) are
shown in Fig. 7, where one can observe that for three
regions, ie, 0 < a < 2.1, 24 < a < 5.2, and
5.05 < a < 6.0, this p—Ge system is in periodic states.
Similarly, according to Fig. 7, the 5P and 4P states
appear for a = 2.8 and o = 4.0, respectively. The
corresponding 5P attractor and time series of p are
shown in Fig. 8, the 4P attractor and time series of p

are similar to Figs. 6(b1) and 6(b2), respectively.
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Fig. 4. The attractors on the plane E—p and time series of p for different m values. Subfigures (al) and (a2)
are for the 10P state, m = 0.7, while (b1) and (b2) are for the 4P state, m = 1.6.

Pmax/10° cm 3

Fig. 5. Bifurcation diagram of the p—Ge photoconductor system versus m for a = 2.0, n = 0.5;
the other parameter values are the same as those in Fig. 2(c1).
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Fig. 6. The attractors on the plane E—p and time series of p at different m values. Subfigures (al) and (a2)
are for the 9P attractor and time series, m = 0.08, while (b1) and (b2) are for the 4P attractor and time series,

m = 0.19.

In the chaos control discussed above, we have ob-
tained stable periodic orbits, as shown in Figs. 4(al),
4(b1), 6(al), 6(b1), and 8(a), which are original unsta-
ble periodic orbits (OUPQO) embedded in the chaotic
attractor as shown in Fig. 2(c1). The physical mech-
anism is that the control method used by us forces
chaotic states in the p—Ge photoconductor into peri-
odic states via the frequency resonancel??! of the ad-
ditional control signal and OUPO.
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Fig. 7. Bifurcation diagram of the p—Ge system versus «
for m = 0.05, n = 0.5; the other parameter values are the
same as those in Fig. 2(cl).
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4. Conclusions

We have studied chaotic behaviours in the p—
Ge photoconductor by changing the photo-excitation
coefficient.  The intermittency route and period-
doubling bifurcation to chaos were illustrated, and the
parameter conditions for chaos generation were given
for this system. Then, we proposed a scheme for chaos
control in the p—Ge system by using a periodic pertur-

bation signal, i.e., an additional ac current. Numerical

results show that our scheme can be effectively used
to control chaotic states into stable period states for
this system. Moreover, different periodic states, such
as the 4P, 5P, 9P, and 10P states, can be obtained
by properly adjusting the amplitude, frequency, and
initial phase of the added ac current. For the p—Ge
photoconductor, we have achieved chaos control. This
may be useful for eliminating chaos in detectors made

from the p—Ge photoconductor.
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