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A bulk optically controlled semiconductor switch

Rudolf K. F. Germer,® Kari H. Schoenbach, and Steven G. E. Pronko
Physical Electronics Research Institute, Old Dominion University, Norfolk, Virginia 23508

(Received 23 November 1987; accepied for publication 15 March 1988)

Turn-on and turn-off of bulk semiconductor switches, based on excitation and quenching of
photoconductivity, respectively, have been demonstrated with copper-doped 11I-VI
semiconductor crystals. The increase of the conductivity (furn-on) was realized with a xenon
fiash-lamp pulse of 15-us duration. A reduction of the conductivity (turn-off} was obtained by
irradiating the samples with IR light using an 8-ns Nd:YAG laser pulse (YAG denotes
yttrium aluminum garnet). For turn-on in CdS:Cu the conductivity follows the xenon flash
excitation. The turn-off time constant was 250 ns. Zn8 and ZnSe crystals showed a slower
response. A memory effect for the IR light was observed.

INTRODUCTION

Turn-on and turn-off of photoconductive semicondue-
tor switches can simply be obtained by turning the radiation
source on and off, respectively. For semiconductors with
rapid carrier recombination, such as Cr-doped GaAs, it is
possible to produce photoconductivity responses with pico-
second precision.! Rapid carrier recombination, desirable
for fast turn-off, however, means there is a large carrier loss
rate also during the on state, which must be compensated for
by means of photons. The necessity for using a high-intensity
light source to keep the switch closed limits the anplication
of this method to the generation of pulses in the nanosecond
and subnanosecond range, corresponding to the pulse length
of high-power lasers. Turn-on and turn-off of semiconductor
switches with long recombination lifetimes by using two sub-
sequent laser pulses have been reported by Johnson and Aus-
ton? and by Platte.> In both cases, the turn-coff with the sec-
ond delayed laser pulse was based on the photoexcitation of 2
different region of the semiconductor switch. This excitation
opened a new path for the current, thereby short circuiting
the previous current path.

A concept for optically controlied turn-on and turp-off
that is based on excitation and quenching of photoconduc-
tivity in the same semiconductor volume has been previously
introduced by Schoenbach er al* These buik-controiled
switches promise to have very attractive features for applica-
tions in pulsed power systems. They can be turned on and off
on a submicrosecond time scale, they should be able to han-
dle current densities in the kA/cm?® range, and they are bista-
ble, which means that they need control power only for turn-
on and turn-off, not to sustain the on state. They do not have
depletion layers; the excitation and guenching of photocon-
ductivity occur uniformly in the entire bulk of the semicon-
ductor. All these features make bulk optically controlled
semiconductor switches (BOSS) strong competitors for
commonly used high-power switches, such as thyristors,
thyratrons, and spark gaps. Other applications for these “bi-
stable” switches are in the area of low-power memory de-
vices,
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The concept of optical control of btk semiconductors is
based on photoionization of deep levels to increase the con-
ductivity—turn the switch on-—and stimulated recombina-
tion of electrons and bound holes in the traps to turn the
switch cff. In order to prove the feasibility of this concept,
optical experiments with semiconductors of the I1-VI group
were performed. The semiconductor that was mainly used
was cadmium sulfide (CdS) containing copper (Cu} and
some other “natural” defects. It is known that the conduc-
tivity of CdS:Cu can be stimulated witk the light of photon
energy larger than v > 1.27 eV and that additional illumina-
tion can quench the photosensitivity.” Mazima of desensiti-
zation are at hv = 1.2 eV and hv = 0.85¢V.°

Figure 1 shows the energy diagram for CdS8:Cu with
possible transitions. The increase of conductivity (turn-on)
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FIG. 1. Electronic levels in CdS:Cu with transitions which determine the
switching behavior.
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can be gbtained by direct electron excitation from the trap
for Av> 1.27 eV (I}, band-band excitation () for v > 2.45
eV, and hole trapping (IFI). The optical desensitization
{turn-off} is realized by electron-hole recombination (VI),
stimulated by hole excitation from the trap (1V), which is
possible with Av> 1.18 eV, and through a two-siep excita-
tion with Av = 0.85 eV via a Cu impurity level (V). The
band-band recombination rate can be increased by recom-
bination centers (VIL).

EXPERIMENTAL SETUP

In order to demonstrate the feasibility of the optical
switch (BOSS) concept, an experimental setup as shown in
Fig. 2 was used. The semiconductor switch was turned on by
illuminating the sample using a xenon flash lamp. The rise
time of the flash was 8 us, and its half-width was 15 gs. This
“white-light” excitation causes direct ionization of traps as
well as band-band electron-hole pair generation. Holes inr the
valence band can be trapped at Cu and “ratural” impurities.
Ionized impurities can subsequently catch electrons that
were excited from the valence band. This recombination lim-
its the switch sensitivity as shown in (Ref. 4), where this
effect is considered as two-step photoexcitation and subse-
quent recombination.

The reduction of conductivity (turm-off} is obtained by
irradiating the semiconductor with laser light of wavelength
1064 nm [Q-switched N&:YAG laser (YAG denotes yt-
trium aluminum garnet) ] at a pulselength of 8 ns. The laser
is triggered 5 us after ignition of the xenon flash using 2
double-pulse generator. The infrared light can excite elec-
trons from the valence band into ionized “natural defects”
and Cu-impurity levels {transitions IV and V), but it is not
possible to use it for the excitation of electrons to the conduc-
tion band.

In order to study the performance of a variety of semi-
conductor crystals, simple contacts were used. Instead of
evaporating ohmic contacts on each sample, an electrolytic
CuSQO, water solution was used to realize electrodes. The
samples were biased at 20-V dc and the current was mea-
sured with an impedance-transforming amplifier {rise time
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FIG. 2. Bxperimental setup.
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FIG. 3. Photocurrent response of a “fast” CdS:Cu crystal to the xenon flash
pulse.

< 10 ns} to match the 50-6} input impedance of the oscilio-
scope (Tektronix 7834).

EXPERIMENTAL RESULTS ARD DISCUSSION

The turn-on response of the various “white-light”-irra-
diated semiconductor sampies followed the temporal emis-
sion characteristic of the xenon flash lamp. However, for
different samples, the sensitivity varied by an order of mag-
nitude and the decay time of the semiconductor conductivity
varied between nanoseconds and microseconds. The tempo-
ral response of a “fast” sample is shown in Fig. 3. It resem-
bles the light emission of the flash lamp. The turn-off re-
sponse of the semiconductor showed strong differences for
different samples. Some samples did not show any turp-off
effect.

The typical response of a “good” sample to irradiation
with white light and subsequent illumination with IR light is
shown in Fig. 4. The upper trace shows the turn-on phase

LASER PULSE

F1G. 4. Turn-on (upper trace) and turn-off (lower trace) response of a CdS
sample.
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only. The lower trace depicts part of the turn-on phase (left)
and the turn-off phase. The laser pulse at first stimulates
additional conductivity for a time of about 50 ns due to the
generation of free holes (transitions IV and V) and then the
conductivity decreases due to electron-hole recombination.

The time constant for this decay, which in this case was
250 ns, varies drastically for different samples. Some sam-
ples which contained Cu, evident by IR Cu luminescence,
did not turn off at all, while with samples containing vanadi-
um {Va) in addition to copper the best turn-off results were
obtained. This result is in agreement with considerations
that electron-hole pair recombination centers improve the
turn-off characteristic of the switch.*

A reduced conductivity of the semiconductor samples
long after they were iluminated with IR light was observed
even when the white-light excitation was still present, as
shown in Fig. 5. This behavior can be explained by the exis-
tence of several deep centers above and below the Fermi
level. Under equilibrium conditions only traps below the
Fermi level are filled with electrons. The laser pulse creates
much more holes than needed for direct recombination with
the free electrons, generated by the xenon flash. Some of the
holes are stored in shallow traps, while some of the electrons
are trapped in energy levels above the Fermi level. The free
electrons produced by the continucus white-light irradiation
after laser tarn-off can recombine with the trapped holes, an
effect which reduces the photosensitivity of the semiconduc-
tor. This recombination can take place until the trap system
is in equilibrivm again, which may take seconds or minutes
in I1-VI semiconductors at room termperature.

The influence of the intensity of the white light on the
photosensitivity of CdS after IR irradiation is shown in Figs.
6(a) and 6(b). They show the photocurrent with “white”
illomination only (upper trace) and “white” light and laser
illumination (lower trace). In Fig. 6(a} the intensity of the
zenon flash was eight times the intensity used to get the re-
sult shown in Fig. 6(b). In the first experiment | Fig. 6(a}}]
more free electrons were generated than trapped holes were
available for recombination; in Fig. 6(b) the switchstayed in
the off state. Because of the smaller electron generation rate,
all electrons that were generated after the IR laser pulse
found holes for recombination.

FIG. 5. Reduced photosensitivity after IR illumination.
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FIG. 6. Turn-off response to the same IR pulse, but for different turn-on
intensities { “white” xenon fiash ). The white-light intensity in (a) was eight
times the intensity in (b).

imilar experiments as in CdS have been performed
with ZnS:Cu, Zn(:Cu, and ZnSe:Cu. Samples of ZnG:Cu
showed a minor response to “white”-light excitation com-
pared to CdS:Cu and no response to subseguent IR illumina-
tion. This is not surprising, considering the energetic posi-
tion of the Cu level in this semiconductor {(Table I). ZnS:Cu
showed photoresponses as shown in Fig. 7, and the photore-
sponse of ZnSe:Cu is displayed in Fig. 8. In ZnS-Cu (Fig. 7),
iffuminated by the xenon flash and subsequently by the IR
Iaser, the conductivity generated by the IR irradiation is
higher than that for just white-light illumination for about
10 s following the laser pulse. The decay time (1/¢ value),
however, is shorter (10 us) for the double-illumination case
than for the case with white light only (20 us). In ZnSe:Cu
(Fig. 8), the IR stimulated reduction of the conductivity is
only a 10% effect, but the decay of the photocurrent after the
laser irradiation is very fast and shows a nonexponential be-
havior. This is obvicusly due toc the recombination of free
elecirons with free holes, whereas for white-light ifumina-
tion the reduction of conductivity is caused by trapping of
free electrons, resulting in an exponential decay.
According to the energy level data, ZnSe should be the
best switch material in the group of direct semiconductors
listed in Table 1. The Cu level is much closer to the valence
band than to the conduction band, which guarantees a good

Germer, Schoenbach, and Pronko 815



TABLE 1. Energy level data and mobilities of the investigated II-VI semi-
conductor crystals.

CdSs Zn(3 ZnS ZnSe
Band gap (eV) 2.45 32 3,75 2.7
Cu-level .18 3.0 1.3 0.75
(eV)
Cu-transition 0.85 0.85 0.95 unknown
internal (V)
Electron mobility 330 200 200 S00
at 300 K
(cm?V-lsg™h
Hole mobility 43 180 12 28
at 300K

{em?V 's™ 1y

spectral selectivity for the turn-on and turn-off process, as
described in Ref. 4. Furthermore, ZnSe has a high electron
mobility and a relatively small hole mobility, required for a
high conductivity in the on state, and a small overshoot
when turned off by IR generation of holes. However, as the
experiment has shown, the recombination rate is too small to
obtain an effective turn-off.

The Cu-level position in ZnC:Cu promises, similar to
that in ZnSe:Cu, 2 good spectral sensitivity for the turn-on
and the turn-off mechanism. It also has reasonable mobility
values, but again the recombination rate is too small to make
it a fast and efficient switch. In CdS:Cu the position of the
copper level is too close to the middie of the band gap to get a
reasonable spectral turn-on and turn-off sensitivity, espe-
cially at room temperature and taking phonon processes into
account. The two-step process via the internal excited Cu
state, which was used to generate holes, is inefficient com-
pared to the direct photohole excitation in ZnSe. Neverthe-
less, because of their good recombination behavior CdS sam-
ples are superior to the other samples where switching
application is concerned. Discrepancies between the experi-
mental results and the predictions from the simple model
discussed in Ref. 4, e.g., the turn-off pulse memory (Figs. §
and 6}, can be attributed to the existence of additional deep
levels. While the presence of deep levels acting as charge

FIG. 7. Switch behavior of ZnS:Cu. The upper curve was obtained with
white-light excitation only, the lower curve with additional IR illumination
{laser pulse}.
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FIG. 8. Conductivity response of ZnSe:Cu. The conductivity of the crystal
decays exponentially if excited with white light only (upper trace); it decays
aonexponentially after additional IR illumination (lower trace).

traps limits switch speed and efficiency, levels which serve as
recombination centers are important for fast turn-off.*

Because of the low concentration of Cu in our semicon-
ductor samples, no noticeable attenuation of the laser beam
was observed. In order to obtain optimum, uniform hole
excitation in the semiconductor switch, the Cu concentra-
tion should not exceed the value (Lo) 7!, where L is the
dimension of the crystal in the direction of the laser beam,
and o is the photoionization cross section for holes from the
Cu-impurity level. For CdS:Cu at room temperature, the
value of ois about 2 X 10~ ¥ ¢m®.” For a CdS:Cu crystal of 1
cm length, the Cu concentration should therefore be less
than 5% 10'7 cm ~? for uniform excitation.

CONCLUSIONS

The experiments demonstrate the feasibility of the
BOSS concept. They show that submicrosecond turn-off of
photocurrent is possible in bulk semiconductor materials
containing certain impurities, such as copper. The experi-
mental results arz in qualitative agreement with modeling
results.* The difference in the ionization energy and the ab-
sorption cross section for electron and hole photoionization
is important for the selective generation of both charges and
therefore determines the turn-on and turn-off behavior. In
CdS, where the Cu level is close to the middle of the band
gap, a two-step excitation via an excited impurity level can
be used for hole generation. The rate of recomtbination of free
holes with free electrons determines the turn-off speed and
efficiency. It can be enhanced by doping the base material
with impurities which create recombination centers. A high-
er mobility of electrons than of holes improves the ratio of
switch-on to switch-off conductivity. The existence of addi-
tional trap levels, not considered in the model of Ref. 4,
causes a strongly reduced photosensitivity after turn-off in
some of the samples. This might limit the frequency of repe-
titive switching if the light intensities for the turn-on and
turn-off phase are not carefully matched.
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ACKNOWLEDGMENTS

We thank M. Mazzola for the help with the experiment,
V. Lakdawala for helpful discussions, and H.J. Schulz and
K. Petermann for providing some of the samples. This work
is supported by a NATO Collaborative Research Grant and
by the Strategic Defense Initiative/Innovative Science and
Technology and managed by the Office of MNaval Research
under Contract No. N000-14-86-K.-560.

917 J. Appl. Phys., Vol. 64, No. 2, 15 July 1988

M. G, Li, W. L. Cao, V. X. Mathur, and C. H. Lee, Electron. Lett. 18, 455
(1582).

2A. M. Yohnson and D. H. Auston, IEEE . Quantum Electron. QE-11, 283
(1975).

3W. Platte, Electron. Lett. 12, 437 (1976).

*K. H. Schoenbach, V. K. Lakdawala, R. Germer, and 8. T. Ko, J. Appl.
Phys. 63, 2460 (1988).

*R. H. Bube and F. Cardon, J. Appl. Phys. 35, 2712 (1964).

1. Broser, and R. Broser-Warminsky, Z. Elektrochem. 63, 209 (1957).

"H. G. Grimmeis, N. Kullendorf, and R. Broser, J. Appl. Phys. 52, 3405
(1981).

Germar, Schoenbach, and Pronko 917




	Old Dominion University
	ODU Digital Commons
	1988

	A Bulk Optically Controlled Semiconductor Switch
	Rudolf K.F. Germer
	Karl H. Schoenbach
	Stephen G.E. Pronko
	Repository Citation
	Original Publication Citation


	A bulk optically controlled semiconductor switch

