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PHOTOCONDUCTING SWITCHES

Photonic control of electronic circuitry via a switching ele-
ment remains a critical factor in the overall goal of pushing
the frontiers of electronic communications and increasing in-
formation processing capabilities. Recent advances in the
areas of lasers, optical sources, semiconductor-based optoelec-
tronics, and optical fiber technology have all collectively con-
tributed to substantial developments in this field. Photocon-
ductive switching is also becoming increasingly important for
high voltage pulsed-power applications, which include (1)
high-voltage pulse generators, (2) direct current (dc) to radio
frequency (RF) conversion circuits, (3) high-energy pulsed la-
sers, (4) the generation of ultra-wideband microwaves, (5)
high-frequency plasmatrons, (6) impulse radar systems, and
(7) frozen waveform generators (1,2). Before the advent of
semiconductors, the switching of electric signals was accom-
plished by gas discharge devices (3). Even today, such devices
find limited use in applications requiring very high power
generation. However, semiconductor-based switching devices
have generally been proven to exhibit far superior perfor-
mance in terms of speed, compactness, and reliability.

Current solid-state switches fall under two principal cate-
gories. The first category is electrically triggered devices that
rely on bias-dependent charge injection for conductivity mod-
ulations. Typical examples include thyristors, which are cur-
rent-controlled devices based on a regenerative feedback
mechanism arising from internal space-charge layer modula-
tions; metal-oxide-semiconductor field-effect transistors
(MOSFET) based on independent control of the internal po-
tentials; MOS-controlled thyristors (MCT); and insulated gate
bipolar transistors (IGBT). Several variations of these have
also been proposed (4,5). Other current-controlled devices typ-
ically based on avalanche breakdown have also been used.
Representative examples include the avalanche semiconduc-
tor switches (6) and the silicon avalanche shaper (SAS) (7,8).
The second category is optically controlled devices, such as
the bulk optically controlled switch (BOSS) (9,10), opto-thy-
ristors (11), and optically triggered metal-semiconductor field-
effect transistors (12). The optical switches tend to have sev-
eral inherent advantages and hence are becoming the only
true choice for many applications. The benefits include (1) ul-
trafast response and turn-on times in the subpicosecond re-
gime limited only by the characteristics of the optical trigger;
(2) Jitter-free response; (3) superior repetitive rates; (4)
Higher-frequency response and controlled wave-shaping capa-
bility; and (5) selectivity between multiple optical trigger
signals based on the wavelength-dependent response of the
photoconductive switches. Furthermore, the wavelength-
dependent characteristics can be tuned and altered through a
suitable choice of bulk semiconductor materials, through
quantum well structures, and through defect engineering.
The only obvious disadvantage is the overhead necessary for
generating the optical triggering signals.

The central idea behind photoconductive switching is to
use a directed and well-controlled beam of photons to switch
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electrical signals on command rapidly via a suitable semicon- barriers [e.g., optical MESFETs (12)] have also been pro-
posed. For schemes based on highly resistive low-doped semi-ductor medium. By modulating the semiconductor impedance

via photons, electrical currents can be produced and the sig- conductors, the OFF state is maintained through Schottky
contacts, which provide an effective barrier to carrier injec-nals transmitted to the switch output for subsequent informa-

tion processing. Generation of the incident optical signals re- tion. In the ON state, the conductivity of this region increases
dramatically as it becomes filled with an electron–holequires suitable lasers capable of generating the requisite

wavelength and photon flux with the desired temporal and plasma.
Historically, photoconductive devices were mainly used forspatial distributions. Optical fibers often function as the guid-

ing input structure. The biased semiconductor serves as a ver- the detection of electromagnetic radiation (15,16). For a long
time the measurements were limited to relatively low speedssatile medium whose conductivity can swiftly be modulated

over several orders of magnitude. An electron hole plasma is due to the constraints imposed by the available optical
sources and the semiconductor materials. With the develop-quickly formed with femtosecond response times as a result

of optical band-to-band and band-to-trap transitions as shown ment of mode-locked lasers (17) and progress in semiconduc-
tor growth and material preparation technology (18), the re-by various researchers on the basis of ultrafast pump-probe

techniques (13). The electron-hole plasma can be created by liability and applicability of photoconducting device greatly
increased. For example, before the discovery of mode-lockedany one of the following mechanisms: (1) photoexcitation by

an external optical source, such as a laser or a light-emitting lasers, it was not possible to attain carrier densities above
1014 cm�3 by the conventional light sources. It is now possiblediode; (2) electron-beam bombardment to create a plasma; (3)

charge injection through device contacts by applying a circuit to create internal charge densities anywhere in the range of
1014 cm�3 to 1019 cm�3. In addition, tunability of the laservoltage; and (4) initiation of an internal avalanche breakdown

process through either band-to-band or band-to-trap impact wavelength and intensity has made it possible to manipulate
the spatial distribution of the plasma inside the semiconduc-ionization. Since photoexcitation is inherently a faster process

with superior control, and does not require a vacuum, this is tors. Development of high mobility direct-bandgap materials
such as GaAs led to the possibility of high-speed optoelectron-usually the preferred switching option.

The photogenerated carrier mobilities need to be high to ics and fast device response. As a result, a new class of high-
speed devices based on photoconductive action emerged forproduce large photocurrents and efficiently convert energy

from the optical to the electrical system. The schematic of a various applications including electrical pulse generators and
wave shaping, sampling gates, millimeter wave generationbasic photconducting switch is shown in Fig. 1 (14). Typically,

a high resistivity, direct bandgap semiconductor such as semi- and detection, ac to dc conversion, and characterization of de-
vice impulse responses (19). The first picosecond laser-in-insulating GaAs (SI-GaAs) or low-temperature grown GaAs

(LT-GaAs) is often used as the switch element (2). The switch duced photoconductivity in high resistivity GaAs for potential
switching applications was demonstrated by Auston (20–22).dimensions are typically determined by the desired on-state

resistance, its photon absorption capability, and power dissi- The emphasis for early researchers in this area was on low-
voltage, high-speed switching. The high speeds were an im-pation requirements. In the OFF state, the device is in its

high resistive state and so effectively holds off an external portant element in increasing the rates and bandwidth for
communication and data transfer applications. The subpico-potential applied to the device. Generally, this hold-off region

can be the space-charge region (SCR) of a reverse-biased junc- second laser pulse widths in conjunction with the inherently
high electron mobility of the GaAs material were the aspectstion, which is completely depleted of free carriers by the

strong external field, or a highly resistive low-doped semicon- exploited by researchers (23–28). Other indirect applications
of picosecond photoconducting switches came in the develop-ductor region. While these are the most common, other

schemes employing multiple junctions [e.g., optothyristor ment of electro-optic devices such as Pockel cells (29), Ker
cells (30), and streak cameras (31). As a natural evolutionstructures (11)] or those using metal-semiconductor Schottky

Figure 1. Basic schematic of photocon-
ductive switch (14). A bulk device with
photoexcitation incident on the top sur-
face has been shown. The source can be
either a dc or an ac signal.
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toward attaining even higher electronic speeds based on the
photoconductive mechanism, quantum structures have been
proposed, fabricated, and analyzed. This is a relatively new
development and the reader is encouraged to explore the re-
cent literature (32–37) for specific details. Discussions in this
chapter will focus mainly on high-power photoconducting
switches given their practical importance.

CHARACTERISTICS OF PHOTOCONDUCTIVE SWITCHES

In general, the following are the desired characteristics of an
efficient photoconductive switch:

���
��–

–

–
��

��
+

hν

Figure 2. Band diagram of a superlattice photoconductor showing1. The ability to withstand high electric fields and to have
localization of photoexcited holes and miniband transport of electronsa large breakdown/blocking voltage capability. This is
(41). The incident photoexcitation energy is shown to be larger thanuseful for extending the limits for high-power applica-
the low band material (typically GaAs), but less than that of the bar-tions. rier layers (e.g., AlGaAs). The suppression of hole transport reduces

2. Low leakage currents to preserve a high-impedance noise and increases intrinsic speed.
OFF state, reduce power losses, and isolate the input
circuit from the output side. Such low dark currents
would also help reduce noise in such devices. 3. Both contacts Schottky or blocking, leading to a re-

3. Short turn-on times for superior temporal resolution sponse that is strongly affected by internal carrier life-
and higher-frequency operation. Materials such as times (40).
GaAs and InP having high mobility charge carriers are
useful in this regard as the photocurrent response can Photoconductive switch operation can either be based on
be made faster. the bulk semiconductor properties or utilize characteristics

4. Very low resistance during the conducting ON state to resulting from bandgap engineering to tailor carrier trans-
minimize internal heating losses, and the ability to sus- port. An example might be a photoconductive superlattice
tain high current densities with a high degree of spatial structure fabricated from suitable III–V material systems de-
uniformity. signed to operate at selective wavelengths, as shown in Fig.

2. Use of such superlattices helps suppress the transport of5. Absence of internal instabilities, such as current fila-
one particular carrier species for greater stability, superiormentation and persistent photoconductivity (PPC).
frequency response, and a lower intrinsic noise figure. As6. Good thermal conductivity for adequate heat dissipa-
shown in Fig. 2, only electrons can contribute to a photocur-tion and the mitigation of second breakdown.
rent above a threshold wavelength (41). Due to the small di-7. Simple structure and ease of fabrication for cost mini-
mensions, such structures are not suited for high-power appli-mization.
cations.

8. The absence of internal inhomogeneities, such as traps A classification can also be made on the basis of impurity
and defects. Their presence tends to result in a variety and defect content of the semiconductor. High-resistivity de-
of deleterious phenomena, such as PPC, low conversion vices tend to include a high density of defects and midgap
efficiency, internal heating, increased noise through states and are referred to as relaxation limited devices. Pho-
trapping-detrapping, and the development of spatially toexcitation from the defect levels plays an important role and
inhomogeneous electric fields with current filamenta- can lead to PPC and ‘‘lock-on’’ effects (42,43), as discussed
tion. later. Such switches are also more prone to device breakdown

and current filamentation. Recombination limited devices are
relatively defect free and exhibit more stable operation. How-TYPES OF PHOTOCONDUCTIVE SWITCHES
ever, their OFF state impedance and hold-off voltage capabili-
ties are inferior.The behavior and electrical response of photoconductive

switches, as explained in a later section, are strongly affected
by the type of contacts made to the semiconductor. One possi-

SWITCH MATERIALS AND THEIR CHARACTERISTICSble approach of categorizing photoconductive switches, can be
based on the type of contact. This leads to the following groups:

Photoconductive Switch Materials

1. Devices with dual ohmic contacts. These allow for The choice of semiconducting material is very important for
charge injection into the device from the electrical cir- optimizing the electrical response characteristics, its effi-
cuit, in addition to the optical injection. Consequences ciency, and its overall utility. The important parameters are
include the double injection phenomena with possible as follows:
internal instabilities (38,39).

2. One ohmic (injecting) and one Schottky (blocking) con- 1. The material bandgap, which controls leakage currents,
the intrinsic carrier concentration, and hence the im-tact. The photocurrents would tend to be lower but with

better device stability. pedance of the OFF state and places an upper limit on
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the operating temperature. It also controls the cutoff Deep-Level Investigations
wavelength of the input optical excitation. For photo-

The SI photoconductive switches usually contain deep-level
conductive switching, direct bandgap materials are pre-

impurities, which requires careful characterization through
ferred for enhanced conversion efficiency.

techniques such as DLTS (49), photo-induced current tran-
2. The breakdown field and dielectric strength, which sient spectroscopy (PICTS) (50), transient photo hall (51), and

determine the maximum hold-off voltage. These param- the thermally stimulated current (TSC) methods (52). PICTS
eters also provide a measure of the device length neces- is used for highly resistive switches, as their capacitance val-
sary to ensure a specific high-voltage blocking capabil- ues are unsuitably low for DLTS measurements. The photo
ity. hall and TSC techniques distinguish between electron and

3. The saturated drift velocity, which controls the device hole traps. The experiments yield the density, energy level,
response speed and the current density levels. electron, and hole capture cross sections for all states in the

forbidden zone. This information is important for determining4. The ionization breakdown threshold.
the OFF state conductivity, the turn-off and decay times, and5. The thermal conductivity, which is a relevant consider-
the wavelength dependence. It can also be used for simula-ation for energy dissipation and enhanced power han-
tions of transport, the current transient response, and pre-dling capacity. This is an issue for repetitive high-volt-
dictions of internal electric field and carrier density profiles.age switch operation.
Typical data obtained for SI-GaAs doped with Si and compen-

6. The need to minimize optical losses, such as those en-
sated by Cu dopants from DLTS and PICTS measurements is

countered during optical fiber transmission, constitutes
available in the literature (53). Of particular significance are

another important consideration. Since the lowest
the multiple levels associated with the Cu impurity, the DX

losses occur at wavelengths of around 1.55 �m, semi-
complexes, and the disparity between the trapping cross sec-

conductors having energy gaps in this range are often
tions for electrons and holes, which is indicative of capture at

the materials of choice.
a charged site via a screened Coulomb-type potential. Some
of the multiple levels have been known to produce both ac-

Based on these considerations, GaAs, InP, and other III–V ceptors and donorlike behavior (54). In the BOSS switch, how-
materials have emerged as the semiconductors of choice. ever, this multiplicity is used for independent optical turn-on
However, recently, photoconductive switching for extreme and turn-off.
high-voltage applications was demonstrated with SiC (44),
ZnSe (45), and Diamond (46) materials. The growth and pro-

Dark Current-Voltage Characteristicscessing technology for these semiconductors is not as mature
[for example, micropipe defects routinely occur in SiC (47)], The dark current–voltage characteristics of a photoconductive
and so the material quality remains inferior. The conversion switch describe the state of the switch prior to being optically
efficiencies have been low. The semiconductors are intention- turned on. In some switch designs, the maximum voltage that
ally undoped to achieve low leakage currents and large con- can be applied to the switch is limited by an electrical break-
ductivity modulation capabilities. Much higher resistivities down across the surface of the semiconductor material. In
have been attained by using SI-GaAs marginally doped with most designs, however, the maximum electrical operating
Si and compensated with deep-level Cu or Fe acceptors (48). characteristics of the switch are limited by the bulk conduc-
The BOSS switch, described in a later section, is a good exam- tion properties of the semiconductor material. Many methods
ple. However, this exigency of fabricating high-resistivity, have been developed to characterize a semiconductor material
semi-insulating material profoundly affects the transport with respect to its doping, defects, or traps within the band-
characteristics and electrical response behavior. The rela- gap of the material and thermal charge carriers. The particu-
tively large density (as at least as compared to other elec- lar method, which is of interest for this discussion, is the use
tronic devices) of impurity and defect states produces the fol- of space-charge limited (SCL) current injection. Mott and
lowing effects: Gurney first addressed the theory of SCL currents in solids

in 1940 (55) and developed what is now called the trap-free
1. A multitude of emission and trapping time constants square law (TFSL). The following addresses the impact of

influence the recombination dynamics and can be ob- deep levels (or traps) on the dark, or non-laser-illuminated,
served through the multiexponential decay in deep-level current-voltage characteristics of bulk photoconductive
transient spectroscopy (DLTS) experiments. switches.

2. The midgap states produce larger mobile carrier densi-
ties as a result of trap-to-band transitions. One of the Conduction Theory of Single-Carrier Injection. For the dis-
immediate effects is PPC. cussion in the following subsections, only single-carrier (elec-

3. The transport becomes akin to that found in ‘‘relax- tron) injection will be considered. This analysis also ignores
ation-time semicondutors’’ rather than the usual ‘‘re- any spatial variations in the quantities by considering only
combination-time semiconductors.’’ their respective average values.

The Trap-Free Square Law. To derive the TFSL, it is first4. Trap-to-band impact ionization and slow carrier emis-
assumed that there are no thermal free carriers (n0 � 0) andsion from filled deep levels leads to a slow photoconduc-
that there are no trapping states (ntj � 0). The electron cur-tive decay.
rent density is given by5. There are enhanced noise spectra. However, as the

switching signals have relatively large magnitudes, this
J = eµniE (1)is not a significant issue.
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where e is the charge of an electron, � is the electron mobility Charge Carrier Trapping Effects. When there are traps pres-
ent in the bulk of the semiconductor, the current is greatly(which in this case is considered to be constant), E is the ap-

plied electric field, and ni is the injected electron concentra- reduced as a result of the capture of injected carriers’ empty
traps. The amount of excess charge that can be supported intion. These electrons remain in the conduction band and re-

sult in a negative space charge. Combining Eq. (1) with the bulk at an applied voltage V is a function of the geometric
capacitance C0 and is independent of whether the excessPoisson’s equation,
charges are mobile or exist in trapped states.

In the presence of an external field applied across the
switch, it can be assumed that the balance between free and

� ε

e

� ∂E
∂x

= ni (2)

trapped electrons is altered only by electron injection at the
where � is the material permittivity, yields boundaries. The new free-electron concentration (n) brought

about by injection produces a new quasi-Fermi level (F). Un-
der injection conditions, the densities becomeJ

µε
= E

�
∂E
∂x

�
(3)

Using the boundary condition, E(0) � 0, where x � 0 at the n = ni + n0 = Nc exp
[

F0 − Ec

kT

]
(8)

cathode (which effectively assumes that the contact metal-
semiconductor work function difference can be neglected), and
leads to following potential V(x):

nt = nti + nr0 = Nt

1 + 1
g

exp
[

Et − F0

kT

] (9)
V (x) =

� 8J
9εµ

�1/2

x3/2 (4)

respectively, where Nt is the concentration of traps, ni is theLetting x � L at the anode and V � V(L) yields the TFSL
average excess free-electron concentration, nti is the averageresult,
excess injected trapped-electron concentration, and nt0 is the
density of filled traps at a level Et within the bandgap given
byJ =

�9
8

�
εµ

�
V 2

L3

�
(5)

The Influence of Thermal Free Carriers. When thermal free
carriers are taken into account, there is considerable devia-
tion from the TFSL. Thermal-free carrier concentration (n0)

nt0 = Nt

1 + 1
g

exp
[

Et − F0

kT

] (10)

in excess of the intrinsic concentration results from the ther-
with g the ground state degeneracy for the traps. The degen-mal ionization of uncompensated donors or acceptors in p-
eracy equals 4 for donor levels and 2 for acceptor levels.type material) located in the bandgap of the material. When

A trap state is usually considered shallow if the quasi-the crystal lattice is in thermodynamic equilibrium (TDE),
Fermi level F lies below Et or [(Et � F)/kT] 
 1. Under thesethe concentration of free carriers results from a dynamic bal-
conditions, the preceding equations lead toance between thermal excitation from impurity levels within

the bandgap and their subsequent recapture back into the im-
purity levels.

Since photoconductive materials are typically undoped and

n
nt

= Nc

gNt
exp

[
Et − Ec

kT

]
= 
 (11)

often contain midgap levels, the semiconductor is nondegener-
where � is independent of the injection level if the trap re-ate, with a Fermi level (F0) lying several kT below the conduc-
mains shallow. A shallow trap can thus have a substantialtion band. The carriers can then effectively be characterized
effect on SCL current injection if � � 1. Substituting n �by a Boltzmann distribution function, and the free carrier
nt� yields the shallow-trap square law relation given byconcentration (n0) becomes

J =
�9

8

�

εµ

�
V 2

L3

�
(12)n0 = Nc exp

[
F0 − Ec

kT

]
(6)

For a deep trap, where F lies above Et, the condition [(F �where Nc is the effective density of states in the conduction
Et)/kT] 
 1 holds. This then leads to the following expressionband and n-type material has been assumed. Therefore, for
for the hole occupancy of the trap at thermodynamic equilib-low voltages we now expect the current (J) to follow Ohm’s
rium:law,

J = en0µ

�V
L

�
(7) pt0 = Nt − nr0 = Nt

1 + g exp
[

F0 − Et

kT

] (13)

Even though there will be charges injected into the semicon-
ductor at low voltages, this injected charge (ni) will not cause It is often assumed that as the injected free-electron concen-

tration (ni) becomes comparable to n0, the corresponding shifta departure from Ohm’s law until the condition, ni � n0, is
met (39). of the quasi-Fermi level is sufficient to fill the deep traps (39).
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increased, the current would increase several orders of mag-
nitude by an amount proportional to (pt0/n0). After this jump
the current may merge with the trap-free square law. It is
possible to ascertain whether this square law is due to a shal-
low trap or a trap-free condition provided the material elec-
tron mobility is known.

In Fig. 3(b) we have the condition that one trap (Et1) is
below F0 and the other (Et2) is above F0. The transition at
VTFL1 will result from the deep trap, as was the case in Fig.
1(a). However, because of the shallow trap (Et2), the jump is
reduced as some of the injected charge would be used to fill
Et2. With increasing voltage, the current should follow the
shallow-trap square law until the quasi-Fermi level reaches
the energy of Et2, beyond which another near vertical transi-
tion would occur at VTFL2 up to the TFSL (56).

From the preceding discussion it is clear that for single-
carrier injection the current is limited by the space charge in
the material. Therefore, when the I–V characteristics are
plotted logarithmically, the measured data will be confined
within a triangle bounded by three limiting lines. These lines
are Ohm’s law, where I � V; the TFSL, where I � V2; and the

Ec
F0
Et1
Et2

log I

log V log V

log I

VTFL VTFL1 VTFL2

l  V2α
l  V2α

l  Vα l  Vα

(a) (b)
line defined by Eq. (14), which determines the voltage where

Figure 3. Models of dc current-voltage (I–V) characteristics for semi- the current steeply rises up to the TFSL.
conductor materials containing deep levels. Ec is the conduction We next illustrate, in Fig. 4 (57), the dramatic effect that
band, F0 the Fermi level, while Et1 and Et2 are two arbitrary trap deep levels have on the dc I–V characteristics of a SI-GaAs
levels. With increasing current, the Fermi level moves up toward the device sample configured with ohmic contacts on opposite
conduction band and the trap levels progressively begin to fill. This sides of a 0.05 cm thick sample. The resistivity of the SI-GaAsleads to strong current enhancements.

sample was found to be 3.3 � 107 �-cm. In this figure, the
open squares indicate the current density that was measured
with a dc bias voltage, and the closed circles indicate the cur-This assumption ignores the asymptotic behavior of trap fill-
rent density measured with a pulsed bias voltage. The timeing by assuming the trap to be completely filled at a critical
development of the dark current will be discussed in the nextthreshold voltage VTFL. In the experimental curves, however,
section. From Fig. 4 we see that the VTFL equals about 70 V,the transition is seen to occur more gradually. Therefore, the
which from Eq. (14) results in a value for pt0 of 2.0 � 1011

condition ni � n0 corresponds to the voltage VTFL required to
fill the trap. This yields the following expression for VTFL in
terms of pt0:

VTFL = QTFL

C0
= epr0L

C0
= epr0L2

ε
(14)

where QTFL is the charge injected into the bulk at VTFL and C0

is the geometric capacitance of the sample.
It is easiest to determine the behavior beyond VTFL by com-

paring the current density at VTFL to that of 2VTFL. Because
Q � CV, when V is doubled the injected charge is also dou-
bled. This additional charge will then appear in the con-
duction band and is equal to (ept0L). Now assuming that
n(VTFL) � 2n0, the ratio of the two current densities becomes

J(2VTFL)

J(VTFL)
≈ pr0

n0
(15)

From Eq. (15) it becomes clear that by doubling the voltage,
the current density can increase by several orders of mag-
nitude.

Figures 3(a) and 3(b) illustrate two possible direct current
(dc) current-voltage (I–V) characteristics for a material that
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Voltage (V)contains two traps. In Fig. 3(a), both traps are deep, with Et1

being full at thermal equilibrium. As the voltage is applied, Figure 4. Dark current density versus applied voltage for a 0.05-cm
the quasi-Fermi levels move up in the bandgap until ni � n0, thick SI-GaAs sample. The experimental sample contained deep lev-
at which time VTFL is reached. Up to this point the I–V charac- els. The effect of trap filling was clearly evident from the dramatic

increase in the current at about 70 volts.teristics are expected to be ohmic. As the voltage is further
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cm�3. Determination of the trap concentration, Nt, requires
information on the positions of the Fermi level and the trap
position within the bandgap. To get this information one can
return to the Ohmic portion of the I–V characteristics in Fig.
4 and use Eq. (7) to determine the free-carrier concentration
of n0 � 3.75 � 107 cm�3. This leads to a value of Ec � F � 0.6
eV at 300 K. Information on the position of the electron trap
cannot be obtained from Fig. 4 explicitly. However, if we as-
sume that the dominant trap in SI-GaAs is the EL2 level, we
can use an energy of Ec � Et � 0.825 eV (58). Based on the
Fermi and trap energies, the density Nt can be determined.
Here the data yield a density Nt�EL2� � 2.4 � 1015 cm�3,

Voltage
(107 V/div)

Dark current
(4 mA/div)

Time [400   s/div]µwhich is within a factor of three of the value normally quoted
for SI-GaAs (59). Figure 5. Temporal development of the switch dark current. The

sample resistivity was 6 � 106 �-cm. The experimental data (60)
Temporal Development of the Dark Current. The previous shows a delay in device current primarily associated with the trap-

filling time.section discussed the current-voltage characteristics of semi-
insulating devices, where the charge occupations of the deep
levels in the bulk material were allowed to reach a steady
state. Here we discuss the transient material response to a Double pulse experiments were also conducted to deter-
pulsed bias voltage. This transient response occurs with char- mine the recovery of the material after the removal of the
acteristic time constants that are related to the deep levels voltage. As expected, the circuit current in Fig. 5 terminates
controlling the electrical properties of the material. The tran- with the voltage pulse. However, when a second voltage pulse
sient dark current is particularly important to the discussion is immediately reapplied to the device, the onset time is con-
of bulk photoconductive switches because they are normally siderably shorter. In fact, at room temperature it normally
biased with a voltage pulse rather than a constant voltage took more than a second delay between pulses for the initial
value. Pulsed bias voltages are used because, as we will see, onset time to be measured. This effect was also investigated
the ability of a bulk semiconductor to hold off an applied volt- by Brodovoi et al. (63), who found that for SI-GaAs : Cr mate-
age is much greater when voltage is applied for a short time. rial at 77 K, the material did not return to its initial resistiv-

For this discussion we will again use SI-GaAs as a repre- ity for two to three hours after the voltage was removed. How-
sentative example of a bulk material often used in photocon- ever, if the sample temperature was raised back up to room
ductive switches. To investigate the temporal characteristics temperature, the sample again became highly resistive. All of
of the dark current, a hard-tube pulse generator was con- these results strongly indicate the effects of carrier trapping
structed that could apply up to a 3 kV pulse with a 1 ms and emission in the bulk of the material.
duration, or up to 1 kV for a pulse duration of 500 ms. The The onset time was not only found to be a function of the
use of a voltage pulse allowed higher voltages to be applied applied voltage and temperature but also the deep-level con-
across the sample than would be possible with a dc bias volt- figuration of the material. This was discovered when the same
age because it reduced the amount of heating caused by high experiment was conducted on SI-GaAs : C material with a re-
dark currents. The circuit consisted of a storage capacitor
that was charged to the desired voltage and then discharged
through a resistance that was in parallel with the sample.
The switch used to control the pulse width was an RCA 6293
beam-power-amplifier vacuum tube with a maximum anode
voltage of 3.5 kV.

We will first discuss results for a SI-GaAs sample with a
thickness of 0.065 cm and a bulk resistivity of 6 � 106 �-cm.
An example of a typical voltage and current waveform is
shown in Fig. 5 (60). It was found that when the voltage was
first applied, there was an initial current spike that was at-
tributed to the displacement current. After the displacement
current, the dark current remained very low for a delay pe-
riod and then monotonically increased up to a saturation
value. We call this delay before the increase of the dark cur-
rent the ‘‘onset time,’’ and it was found to be a strong function
of the amplitude of the applied voltage pulse, as shown in Fig.
6 (57). In Fig. 5, the onset time was about 900 �s and the
time required to get to the saturation value was about 2.9 ms
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for an applied voltage of 200 V. This effect was previously
found to occur on p–SI–n structures when the p and n regions Figure 6. Dark current onset time versus applied voltage. The ex-
were epitaxially grown on a SI-GaAs substrate (61). This ef- perimental data (57) shows faster trap filling leading to lower onset
fect was also later studied by Roush et al. (62) in copper- times with increasing voltage. The higher currents at the higher volt-

ages help in filling traps faster.doped SI-GaAs.
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sistivity of 3 � 108 �-cm. For this material, at an applied constitute a negative space charge. Recall that the space
voltage of 650 V, the onset time was found to be 120 ms and charge that limits the current in a material is independent of
the saturation time was about 320 ms at room temperature. whether the space charge is free or trapped. Also during the
Therefore, this material had an onset time that was more initial phase of the dark current, holes are being injected at
than two orders of magnitude longer than the 6 � 106 �-cm the anode contact, which is less efficient at injecting minority
material at a factor of 3 higher bias voltage—again indicating carriers than majority carriers. After being injected, these
the influence of deep levels and their charge occupation in the holes subsequently drift toward the cathode until they are
bulk material. trapped in the Cr level with a time constant that is dependent

We next compare the results obtained with a dc bias to on the hole capture cross section, the concentration of the Cr
those obtained using a pulsed bias. It was found that the sat- level, and the hole concentration in the material. As the holes
uration current measured with a pulsed bias was in good are trapped, they will compensate the negative space charge
agreement with the current measured under steady-state con- contained in EL2 and therefore allow more electrons to be
ditions. The agreement is shown in Fig. 4 for an as-grown SI- injected at the cathode. Once the hole trap is full, a steady-
GaAs material with a resistivity of 3.3 � 107 �-cm. In this state condition will be reached. The value of the current that
figure the open squares indicate the current density that was is measured at this point should be equivalent to the value
measured with a dc bias, and the closed circles indicate the that is measured when a dc voltage is applied.
saturation current density measured with a pulsed bias. The increase in the onset time for the case of SI-GaAs : C

Similar results were obtained for the SI-GaAs : C sample, material can also be explained with the two-level model dis-
as shown in Fig. 7. In this figure the open circles correspond cussed previously. The EL2 and Cr levels are both located
to a dc bias voltage, while the solid squares indicate the satu- near the middle of the bandgap in GaAs. The carbon level is
ration current obtained with a pulsed bias. Here again the located very close to the valence band and is a shallow ac-
saturation current seems to fall in line with the dc bias mea- ceptor. The role of carbon in SI-GaAs is to lower the Fermi
surements. Also shown in Fig. 7 are the results of a pulsed level and therefore decrease the equilibrium occupation of
bias experiment where the dark current was measured after 1 EL2. This electrical compensation of EL2 results in a higher-
ms (open squares). It is interesting to note that the difference resistivity material. Because the occupation of EL2 is re-
between the pulsed currents (open squares) and saturation duced, the amount of time required to fill the trap is in-
currents (closed squares) can be as much as three orders of creased. Therefore, a longer onset time is measured because
magnitude. It is expected that the vertical transition in the the injected electrons will not stay in the conduction band
pulsed bias curve would shift more to the right as the voltage

long enough to carry a current if there are still unoccupiedpulse duration is decreased.
electron traps.We will now give a qualitative explanation of the internal

material physics when a voltage pulse is applied. The tempo-
Fast-Neutron Irradiationral development of the dark current (Fig. 5) can be qualita-

tively explained with the use of a model that contains two The effects of neutron irradiation on semiconducting materi-
deep levels. One level is an electron trap (possibly EL2) and

als have been studied for many years (64). A more recent ef-
the other level is a hole trap (possibly Cr). During the initial

fort has concentrated on the reduction of minority carrier life-part of the voltage pulse, electrons injected at the cathode
time in GaAs through fast-neutron irradiation. The principalare trapped by EL2. These trapped charges are immobile and
purpose is to create internal defects within the material
through the process of elastic nuclear scattering between in-
coming fast neutrons and the host lattice atoms. Typically,
the incident neutron suffers at most one collision, resulting in
the displacement of either a Ga, As, or impurity atom. The
recoil energy is large enough to initiate a displacement cas-
cade, with each primary knock-on atom creating several de-
fects.

Such neutron-initiated defect formation has been used to
quench the lock-on or persistent photoconductivity phenom-
ena commonly observed under high-voltage conditions in opti-
cally activated switches. The recombination centers and de-
fects formed due to the neutron treatment provide an
additional channel for excess carrier removal. This helps limit
internal charge densities and the currents. Device dark cur-
rents are also reduced, thus affecting the dc I–V characteris-
tics. These results are from experiments performed at the
Sandia National Laboratory. Finally, the effect of such irradi-
ation on the switching behavior of SI-GaAs BOSS samples
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(65) was also investigated. Clearly evident was the quenching
Figure 7. Dark current density versus applied voltage for a 0.05-cm

of PPC with increasing neutron dose, as discussed in morethick SI-GaAs : C sample. The curves clearly show that significantly
detail later in this article. Other types of irradiation have alsolower currents can result at the same voltage for lower pulse dura-
been used to reduce the minority carrier lifetime in ultrafasttions. This effect is due to incomplete trap filling for the lower pulse

durations. photoconductive switches (66).
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THEORETICAL CONSIDERATIONS to the mix of deep-level states. These deep levels are located
away from the center of the Brillouin zone and are either at

Issues and Problem Areas the L or the X symmetry points. This has a profound effect on
the recombination times of mobile carriers.

While photoconductive switches are commercially available
Persistent photoconductivity can perhaps be best under-

for low-voltage high-speed operation, extending their capabili-
stood by considering the photogeneration process in a high-

ties to the kilovolt range and beyond has presented a chal-
resistivity material. Carriers are generated from all of the

lenge. The primary issues and deleterious effects encountered
deep levels and placed in the L or X valleys. This process is

in photoconductive switching are as follows:
in addition to the ongoing direct valence-to-conduction band
transitions and can lead to mobile carrier densities that are

1. Persistent photoconductivity and the appearance of a substantially larger than those in trap-free materials under
lock-on current mode. identical conditions. Following initial photoexcitation from

2. Surface flash-over and premature breakdown. Immer- deep levels, the carriers predominantly populate the lowest
sion in suitable high-dielectric liquids is often used as a � valley through internal scattering and energy/momentum
preventive measure of surface flashover. randomization. Such carriers then tend to be relatively long

3. Current filamentation and physical damage originating lived as the �–L and �–X recombination processes are indi-
at the contacts. This is accompanied by infrared lumi- rect and require the presence of mediating phonons.
nescence as demonstrated through time-resolved imag- The preceding simple model, which relies on deep traps
ery (67). The luminescence is indicative of the onset of alone, is inadequate and incomplete to account for all the ob-
direct carrier recombination following strong internal served effects in high-voltage photoconductive switches.
impact ionization.

1. For instance, the PPC and lock-on phenomena are ob-
Lock-on is a persistent photoconductivity (PPC) effect. It served only above certain critical applied bias levels.

leads to a failure of the switch to open and revert back to a Hence, it appears necessary to invoke an appropriate
high impedance state following the termination of external field-dependent phenomenon. Such a field-dependent
photoexcitation. Current filamentation and physical damage mechanism cannot be associated with the trapping dy-
have often been observed to follow as a natural consequence. namics of carriers into the trap states, as this process
Excessive semiconductor heating leading to thermal runaway actually gets enhanced with increasing field. This fol-
can also occur. Infrared imaging suggests that the damage is lows because electrons at higher fields are able to popu-
caused by high electric fields at the contacts. Typical images late the satellite valleys and upper bands, thus opening
of device damage and high-voltage breakdown during switch up the possibility of direct transitions into trap states.
operation reveal that the critical failure regions are concen- On the basis of field-dependent carrier trapping alone,
trated near the contacts. Such phenomena are voltage depen- one would expect the opposite effect of reducing PPC
dent and exhibit a threshold. The following salient features through enhanced carrier removal.
have been observed for the lock-on mode: 2. Though the indirect recombination route is slow in trap-

dominated semiconductors, the channel of charge re-
1. It occurs only when the bias voltage is greater than a moval from the system through carrier sweep-out and

certain minimum value. The corresponding average conduction outflow still exists. The presence of PPC and
electric fields range from 3.5 kV/cm to 15 kV/cm, de- lock-on thus suggests that a continuous injection from
pending on the material, preparation, and temperature. the contacts must replenish the internal mobile charge,

2. The lock-on condition only occurs after optical trig- thereby maintaining a high carrier density. Further-
gering. more, such an injection process has to be field depen-

3. The lock-on state appears to be a precursor to potential dent to account for the observed bias-dependent lock-
device breakdown. on phenomena.

4. Strong internal gain is observed, leading to optical con-
Once the importance of metallic contacts is recognized, itversion efficiencies that are almost three orders of mag-

becomes simple to account for the observed field-dependentnitude higher than at low voltages.
lock-on threshold. An explanation for current filamentation
and severe damage at the contacts (67) reported in variousQualitative Physics of Switch Failure
experiments on high-voltage photoconductive switches follows

Persistent photoconductivity has been widely observed in a from details of the carrier injection process. In general, trans-
variety of materials, including the III–V and II–VI com- port at the contacts occurs via the following mechanisms (76):
pounds (68–71), Si (72) and GaN (73,74). The phenomenon is
not limited to bulk devices but also occurs in modulation

1. thermionic emission over the potential barrier betweendoped structures and heterojunctions. Carrier density in-
the semiconductor and the metal.creases of up to four orders of magnitude have also been asso-

2. quantum mechanical tunneling, both direct and indi-ciated with this phenomenon (75). In all cases, the PPC has
rect. The latter can be facilitated through the existencebeen linked to the presence of deep traps. This is especially
of states within the forbidden gap and is a highly field-relevant to photoconductive switches, since the materials of-
dependent phenomenon.ten contain a high level of intentional traps and deep-level

impurities. In addition, GaAs, a popular material for photo- 3. Recombination within the space charge layer in the vi-
cinity of the contact.conductive switches, contains DX centers that also contribute
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Of these, the tunneling process gives rise to sharp injection
enhancements provided that the fields at the contacts exceed
a critical threshold. Furthermore, such injection strongly de-
pends on the value of the effective barrier height at each loca-
tion of the contact-semiconductor interface. Hence, if the bar-
rier potential were to be spatially nonuniform along the
transverse direction, one would then get nonuniform injection
from the contacts. The existence of such spatial, in-plane, bar-
rier nonuniformities at the contacts has been conclusively
demonstrated in the literature (77–79). For example, previ-
ous work at low voltages on metal-semiconductor Schottky
contacts has shown that such nonuniformities can affect the
‘‘ideality factor’’ of Schottky diodes and hence alter the cur-
rent-voltage characteristics (80). At the higher voltages the
spatial nonuniformities play an even greater role, with the
field-dependent current injection leading to nonuniform fila-
mentary currents at the contacts.

An optical pulse on the photoconductive switch serves to
enhance the electric fields at the contacts as a result of charge
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separation and internal polarization. Strong injection from
Figure 8. Simulation results showing the response of an SI-GaAs

the contacts can then be expected to occur provided that the switch to an external 5.0-ns photoexcitation pulse initiated at the 10-
enhanced contact fields were sufficiently above the threshold ns time instant. Lock-on is predicted only when carrier tunnel injec-
limit. It thus becomes clear that the field-dependent injection tion at the contacts is taken into account. This simulation result
efficiency is then controlled not only by the incident photo- brings out the role of high field electron injection at the cathode.
excitation intensity but also by the value of the applied bias.
A higher bias, for example, yields a higher initial field at the
contacts prior to photoexcitation. Consequently, a lower opti-

optical pulse initiation. The dip at about 12 ns results fromcal intensity would be required to surpass the threshold field
internal polarization effects and the gradual decrease in theand trigger strong injection. This strong injection would then
device voltage due to the 50 � voltage resistive drop. The sub-lead to PPC, and even filamentation if the contact barrier po-
sequent increase is simply the result of enhanced electron ve-tential were to be spatially nonuniform. Such a dependence
locity at the lower fields characteristic of GaAs material. Fi-of the photointensity on filamentary breakdown has been ex-
nally, after the termination of the optical input at 15 ns, theperimentally observed (81). The preceding scenario suggests
photocurrent is seen to decay if the contact tunneling processthat control of the detrimental effects would require fabrica-
is not included. However, with tunnel injection two primarytion of ‘‘blocking contacts,’’ better spatial homogeneity, and a
differences can be seen: (1) The current magnitude is larger,decrease in the carrier lifetime. The use of magnetic fields
and (2) the photocurrent does not appear to decay upon theand neutron bombardment might be options in this regard.
termination of the photoexcitation pulse at 15 ns. This clearlyFinally, electric fields at the contacts could be lowered by uti-
demonstrates the lock-on phenomena and its link with stronglizing curved geometries and avoiding sharp corners.
field-dependent contact injection.The role of contact injection can easily be demonstrated

The presence of moving high-field domains arising from anthrough numerical two-dimensional (2-D) simulations. Such
inhomogeneous defect density distribution in the III–V photo-calculations carried out for an SI-GaAs photoconducting
conducting switch materials can be another potential sourceswitch with a simple 10 �m square geometry are discussed
for instabilities. As Gunn first pointed out (82), a local inho-next. The surface area was chosen to be 10�4 cm2, and the
mogeneity near the cathode can function as the nucleationcontacts were assumed to be on the top and bottom faces diag-
site for a high field domain. This domain formation is associ-onally across from each other. A simple 50 � resistor was
ated with the intervalley k-space transfer of electrons at fieldstaken to be in series with the photoconductive switch. The SI-
(83). Such domains propagate toward the anode, subjectingGaAs material was assumed to have a marginal n-type donor
various regions of the semiconductor material to high internaldensity of 1015 cm�3 and a trap concentration of 1016 cm�3. The
electric fields. There can then be two routes to instability: (1)trap level was set at 0.6 eV from the conduction band, with
The domain field may be large enough to cause strong impactelectron and hole capture cross sections of 1015 cm2 and 1017

ionization through the band-to-band and trap-to-band pro-cm2, respectively. These values are consistent with observa-
cesses; or (2) a more gradual increase in the carrier densitytions for SI-GaAs material, while all other transport data
may result as the domain sweeps past regions containing de-were taken from Ref. 65 and sources quoted therein.
fects and impurities. For such a process, though, the charac-Simulation results for the photocurrent with and without
teristic carrier emission times need to be smaller than thethe contact tunneling process are shown in Fig. 8 in response
domain transit time, a condition that is easy to meet for deepto an applied voltage waveform consisting of a 1.0 ns ramp
defect levels. The effect, however, can be cumulative as thefollowed by a 100 V bias. A constant photoexcitation pulse
carrier densities can be substantially increased after severalwas assumed to illuminate the semiconductor continually be-
transit cycles. Hence, for a constant device voltage, both thetween 10 ns and 15 ns. Initial conduction lasting up to 1.0 ns
current and domain field increase dramatically as the domainfor both cases is the displacement current associated with the

external voltage ramp. The rise at about 10 ns follows the width is reduced. This inherently gives rise to an unstable
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S-shaped current-voltage device response characteristic (84),
which can be potentially unstable.

PHOTOCONDUCTIVE SWITCH SYSTEMS

Some of the more common photoconductive switch systems
are briefly discussed in this section to bring out the various

Switch
active
region

Semiconductor
substrate

Microstrip line

Ground plane

concepts used and their relative advantages. We limit our dis-
cussion here, however, to the use of photoconductive switches Figure 10. Lateral switch geometry integrated into a microstrip line
in high-power applications. We will discuss devices that re- using the same material. Such integration allows coupling of the opti-
main closed after the application of a short laser pulse, de- cally generated electric signal with the load, typically for radio fre-
vices that remain closed only during laser illumination, and quency (RF) and microwave applications.
devices that are closed by the application of one laser pulse
and subsequently opened by applying a second laser pulse of
a different wavelength. A review of high-powered photocon- tion can result in nearly uniform current conduction through

the switch material and result in relatively long lifetimes inducting switch concepts appears in the text High-Power Opti-
cally Activated Solid-State Switches, edited by Rosen and Zu- terms of total number of switching events. Linear switching

requires substantial laser illumination, on the order of 10tavern (85).
�J/cm2 to 1 mJ/cm2, to obtain a satisfactory switch resistance
of less than 1 � (86).Lateral Photoconductive Switches

Alternatively, when a lateral switch is operated in the non-
We begin our discussion of switch concepts by introducing the

linear or filamentary mode, the illumination source is typi-
lateral switch geometry as shown in Fig. 9. Both the contacts

cally a laser diode fed into one or more optical fibers. This
are in the same plane and lie on opposite sides of the common

mode of operation is considered to have a significant ‘‘gain’’
face. This geometry is often used for switches that are op-

since the number of conduction electrons and holes is much
erating in either the linear mode or the nonlinear filamentary

greater than the number of absorbed photons. A term often
mode of operation. A similar configuration would have the two

used to describe this gain, or filamentary, mode of operation
contact metalizations located on opposite faces of the semicon-

is the lock-on mode (42,43). In this case the fiber output is
ductor crystal. The switch active region then corresponds to

placed near one of the contact edges that border the switch
the distance that the two contact edges are offset from each

active region. Then a very short electric pulse is used to drive
other. This latter geometry is used to increase the hold-off

the laser diode, which in turn produces a short optical pulse
voltage of the switch by minimizing the potential of surface

to ‘‘trigger’’ the switch to close. This closing sequence results
flashover. The lateral switch geometry is also convenient for

in the formation of a current filament that originates roughly
electrically connecting the device to a high-bandwidth micros-

at the point where the laser diode illuminated the switch (87).
trip circuit. Alternatively, the lateral switch can also be inte-

It has also been shown that multiple current filaments are
grated with the microstrip line, as shown in Fig. 10.

formed when multiple fibers are used simultaneously to illu-
Typically, when a lateral switch is operated in the linear

minate the switch (88,89). The creation of multiple filaments
mode, the active region of the device is flooded with photons

is intended to increase the switch lifetime since it helps to
from a relatively high-power laser (86). The wavelength of the

distribute the current over a larger volume of the semiconduc-
laser system is normally selected to be slightly below the

tor. Measured lifetimes for filamentary photoconductive
bandgap energy of the semiconductor material. Photons can

switches have been in the range of 105 shots to 107 shots for
then penetrate deeper into the bulk of the material, where

devices operating in the range of 10 kV with an active region
they will create conduction electrons and holes nearly uni-

length of 2.5 mm (86). Larger devices with a 2 cm contact
formly. One electron hole pair produced for each photon ab-

width and a 1.5 cm active region length have demonstrated,
sorbed characterizes the linear mode. The uniform illumina-

in single-pulse experiments, switch voltages as high as 50 kV
to 150 kV (86). The lifetimes associated with the larger de-
vices, operating in the gain mode at voltages in excess of 50
kV, are typically much less then the 105 shots measured with
smaller devices.

Bulk Photoconductive Switches

A second switch geometry that is often used is the bulk geom-
etry, often known as the bulk avalanche semiconductor
switch (BASS), shown in Fig. 11. This geometry offers a better
hold-off voltage than lateral switches, for a given contact sep-
aration, due to the reduced likelihood of surface flashover.
The thickness of these devices is normally on the order of 0.5Semiconductor

material

Active
region

Contact
metallization

Laser illumination

mm to 1 mm. Therefore, the operating voltage for these type
of devices is usually 10 kV or less (90). Bulk devices are moreFigure 9. Lateral photoconductive switch geometry. For this typi-
difficult to manufacture since the semiconductor substratecally simple geometry, the thickness is chosen to approximately equal

the laser absorption depth to maximize efficiency. must be processed on both sides. Typically, the top contact, or
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cal energy density of only a few nJ/cm2 is required to trigger
a bulk device when the switch is operated at average electric
fields on the order of 40 kV/cm to 60 kV/cm (91). Although it
is well understood that the avalanche mode is filamentary in
nature, the precise mechanisms leading to the controlled
breakdown and lock-on of the device are not well understood.
Trap filling and impact ionization of traps have been offered
as possible explanations for the initiation of lock-on (43,92).
In addition, the implications of the geometrical aspects of
photoconductive devices have also been theoretically studied

Contact
metallization

Laser illumination

Semiconductor
material

in connection with the filamentation process (93).
Figure 11. Bulk photoconductive avalanche switch geometry. The
longer surface path length between the anode and cathode reduces

Bistable Optically Controlled Semiconductor Switchsurface flashover. More stable high voltage operation is achieved.

An alternative switching mechanism was proposed by
Schoenbach et al. (9). This concept, called the bistable (ordoughnut contact, is fabricated by either using ion implanta-
bulk) optically controlled semiconductor switch (BOSS), reliestion or an epitaxial growth process under the contact metali-
on persistent photoconductivity followed by photoquenchingzation. In addition, the laser wavelength that is used to trig-
to provide both switch closing and opening, respectively. Per-ger a bulk photoconductive switch must be longer than that
sistent photoconductivity results from the excitation of elec-used for lateral switches because the carriers must be gener-
trons from the deep copper centers found in copper-compen-ated in the interior of the device. For maximum efficiency, the
sated, silicon-doped, semi-insulating GaAs (GaAs : Si : Cu).optical absorption depth should be chosen to nearly equal the
The small cross section for electron capture back into the Cucrystal thickness.
centers allows long conduction times after the first laser pulseTypically, bulk photoconductive switches are operated in
is terminated. Photoquenching is accomplished by the appli-the avalanche mode. A laser diode is used to deliver photons,

via a fiber-optic cable, to the hole in the top contact. An opti- cation of a second laser pulse of longer wavelength, which ele-
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Figure 12. (a) The basic geometry of the BOSS switch, (b) the resulting current delivered to the
load during the BOSS switching cycle; (c) the initial high-resistivity state of the material prior
to the first laser pulse; (d) the optical excitation of electrons from the CuB centers to the conduc-
tion band; (e) the slow decay of electrons during the on-state; (f) the fast photo-induced quenching
of the photoconductivity.
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Figure 13. The dc I–V characteristics of
BOSS devices before and after neutron ir-
radiation. Samples exposed to higher neu-
tron flux progressively exhibited smaller
currents. Differences over three orders of

Sample A, 0 cm–2
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Voltage (V) magnitude were experimentally observed.

vates electrons from the valence band back into the copper fast-neutron irradiation was reported by Wang et al. (95).
This investigation of neutron damage for the purpose of RClevels. This laser pulse floods the valence band with free
enhancement in BOSS devices was carried further.holes, which rapidly recombine with free electrons to quench

Low resistivity, silicon-doped (n-type) GaAs can be madethe photocurrent over a time scale given by the electron–hole
semi-insulating by the introduction of copper acceptor levelslifetime of the material. These processes allow a switch to be
through a thermal-diffusion process (96). The GaAs materialdeveloped that can be closed by the application of one laser
used in this investigation was originally doped with a siliconpulse (1.06 �m) and opened by the application of a second
concentration of 2 � 1016 cm�3 that yielded a resistivity oflaser pulse with a wavelength about twice that of the turn-on
about 7 � 10�2 �-cm. After the thermal diffusion step, atlaser. This switching process, as well as the BOSS geometry,
575�C for 6 h, the samples were polished on both sides to ais shown in Fig. 12. Note that the switch is illuminated from
mirror finish. The sample dimensions were roughly 10 mm bythe back side to help minimize the effects of shadowing by the
5 mm by 0.5 mm thick. The p�–i–n� devices were manufac-contact metalization.
tured by depositing a Au–Ge-based metalization for the n-Preliminary experimental results showed that the current
type contact and a Au–Zn-based metalization for the p-typethrough a BOSS switch could not be fully quenched by the contact. The contacts resulted in switch geometry that was 5

application of a 140 ps full width at half-maxima (FWHM) mm wide and separated by a 5 mm gap on the same side of
2.13 �m laser pulse. A numerical solution of the semiconduc- the sample. After deposition, the contacts were annealed at
tor rate equations for copper-doped GaAs showed that the pri- 450�C for 5 min in N2 at atmospheric pressure. Following the
mary cause for incomplete photoquenching was that the con- contact anneal, the samples were irradiated with fast neu-
centration of the recombination centers (RC) was too low (94). trons to increase the RC concentration. Two sets of BOSS de-
As stated previously, the opening transient is the result of a vices were neutron irradiated at two different fluences. The
two-step process. The second step is controlled by the elec- lower fluence was measured at 2.45 � 1015 cm�2 (Sample A)
tron-hole recombination lifetime in the bulk material. If there while the higher fluence was measured at 3.93 � 1015 cm�2

is an insufficient RC concentration, the holes that were gener- (Sample B) 1 MeV GaAs equivalent damage (97). The dc I–V
ated by the 2 �m laser pulse would be retrapped into the characteristics, shown in Fig. 13, of the samples indicated an
copper centers before they could recombine with electrons in increase in the switch resistance from about 3.2 M� to about
the conduction band. This would result in the switch re- 55 M� for the lower fluence, and an increase from about 4.3
maining closed after the second laser pulse. Recently, work M� to about 273 M� for the higher fluence.
concentrating on the reduction of the minority-carrier life- The BOSS switching experiments were conducted with a

mode-locked Nd : YAG laser system (1.06 �m). It wastime, by increasing the RC concentration in GaAs, through
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Figure 14. Experimental setup used for
performing high-speed and high-power
testing of BOSS devices. The switches are
shown embedded in a 50 � transmission
line having a two-way transit time of 8.0
ns. A Klytron produced a 40-ns voltage
pulse.

BOSS switch

Nd: YAG

RG
4 nF 1 MΩ

50 MΩ
KN22(2)

SCD5000

OPG

2.13    mµ

1.06    mµ

equipped with a optical parametric generator (OPG) that BOSS devices. Therefore, there appears to be a tradeoff be-
tween the maximum time that the switch will remain closedserved to double the wavelength (2.13 �m). The laser system

produced a Gaussian pulse with a FWHM of about 140 ps. A after the 1.06 �m laser pulse and the RC density in the mate-
rial. It should be noted that BOSS devices that were not irra-simple optical delay was then used to adjust the time between

switch closure and when the switch was opened. Photoconduc- diated with neutrons had demonstrated on times of several
hundred nanoseconds (98).tivity measurements were performed to evaluate the opera-

tion of the neutron irradiated BOSS devices. The BOSS When the time between laser pulses is too short, the 2 �m
laser pulse is no longer able to quench the photocurrent.switches were embedded in a 50 � transmission line (two-way

transit time 8 ns) that was pulse charged with roughly a 40 Eventually, when the two laser pulses are roughly coincident,
the switch will behave as if there was no 2 �m laser pulse atns FWHM voltage pulse generated by a Krytron switch, as

shown in Fig. 14. The maximum voltage applied to the BOSS all. It takes a certain amount of time for the electron-hole
plasma generated by the 1 �m laser pulse to recombine. This,devices was about 18 kV.
coupled with the fact that the dominant copper center (CuB)

Lower-Fluence Switching Results. Switching results illus- requires a certain amount of time to fill with a sufficient
trating the photocurrent for Sample A are shown in Fig. 15 quantity of holes to permit complete photoquenching, sets a
for an applied voltage of 3.7 kV. The maximum voltage that lower limit on the time between the turn-on and turn-off la-
was switched with this device was about 18 kV, which was ser pulses.
bias-voltage modulator limited. The switching behavior of
Sample A did not change as the applied voltage was in- Higher-Fluence Switching Results. Photoconductivity experi-

ments were also conducted on Sample B, which was irradi-creased. Figure 15 shows several current waveforms superim-
posed to demonstrate the ability to control the pulse width ated at a fluence of 3.93 � 1015 cm�2. One drawback of an

increased RC concentration is that the on-state conductivityof the electrical pulse. The laser pulse energy for both the
wavelengths was set at 4.5 mJ. Figure 15 illustrates that as will be reduced because electrons in the conduction band will

recombine with holes in the valence band before those holesthe time between the two laser pulses is increased, the switch
conductivity decreases with time prior to the turn-off laser can be trapped in the CuB center. This process reduces the

number of holes that are trapped in the CuB center, which inpulse as a result of the enhanced RC density. This effect will
ultimately limit the switch on time of neutron-irradiated turn reduces the available sites to receive electrons from the
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we wanted to see how the switch responded to the turn-on
laser pulse; and second, we wanted to test the repetition rate
capability of Sample B. The applied voltage for the waveform
shown in Fig. 16 was about 16 kV. The average pulse width
was measured to be about 340 ps. As shown in Fig. 16, the
time separation between the two laser pulses varied from
about 3.5 ns, corresponding to a repetition rate of roughly 290
MHz, down to roughly 1 ns, corresponding to a repetition rate
of 1 GHz. These repetition rates are basically five orders of
magnitude higher than any other type of high-power photo-
conductive switch. The maximum voltage that was switched
with this device was 18 kV, yielding an average electric field
of 36 kV/cm.

It is important to note that there was no indication of the
device collapsing into a filamentary-current mode, or lock-on
mode, of conduction at any point in the switching cycle. This
is significant since almost all previously reported photocon-
ductive switching experiments on non-neutron-irradiated
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GaAs, including those performed on GaAs : Si : Cu material,
Figure 15. Demonstration of electric pulse-width agility through exhibited a transition into filamentary conduction at average
variations in the time delay between the turn-on and turn-off laser electric fields of about 10 kV/cm (99). It has been reported
pulses. The applied voltage was 3.7 kV. Though neutron irradiation by Loubriel et al. (100), however, that chrome-doped GaAs
helped attain electrical pulses as short as 1.0 ns, waveform distortion

switches, which were irradiated at a neutron fluence of 5 �set in for longer durations.
1015 cm�2, did not transition into a filamentary conduction
mode until the applied average electric field was greater than
62 kV/cm. This electric field would correspond to an operatingvalence band during the turn-off laser pulse. However, a ben-
voltage of roughly 30 kV for the 5 mm gap BOSS devices. Theefit can be derived if the RC concentration in the bulk mate-
most striking attribute of the current pulses in Fig. 16 is thatrial is made high enough to cause the switch to open without
the switch completely opens without the need of the 2 �mthe need of the turn-off laser pulse. This effect is shown in
laser pulse.Fig. 16, where two 1.06 �m laser pulses were used to close

Sample B at a high repetition rate. For these experiments,
BOSS-Based RF Sources. The primary goal of this researchthe switch was only illuminated by two 1 �m laser pulses

is to produce a wideband, frequency-agile source that can ra-with a variable time delay between them. The reason Sample
diate the RF energy with a broadband antenna. To maximizeB opened without the turn-off laser pulse was because it was
the radiative efficiency of the source, it is necessary to pro-irradiated at a higher neutron fluence than Sample A. There-
duce ac power, thereby reducing the dc component of thefore, there was a higher RC density in the bulk material of
waveform, which cannot be radiated. The ability of the BOSSSample B. The purpose of this experiment was twofold: First,
switch to open, as well as close, in the subnanosecond regime
allows a new type of RF source to be developed that is capable
of generating repetitive high-power microwave cycles of vary-
ing duration, depending on the relative delay between the
turn-on and turn-off laser pulses. A source configuration that
is capable of generating ac power with real-time frequency
agility is shown in Fig. 17 and is called the pulse-switch-out
(PSO) generator. This source uses two BOSS switches that
are embedded in oppositely charged 50 � transmission lines,
which can generate single positive and negative half-cycles by
first closing and opening each switch. Both switches then feed
into a single 50 � transmission line that leads to a matched
load.

Experiments were conducted with the circuit shown in Fig.
17 at a bias voltage of about 9.5 kV, and with BOSS devices
that were irradiated at the higher neutron fluence and there-
fore only illuminated with 1 �m laser pulses. Experiments
will be conducted shortly with devices that require both of the
laser pulses. The time-domain waveforms for a time delay of
about 500 ps and about 2 ns are shown in Fig. 18. We found
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that the pulse width of the positive half-cycle could be re-Figure 16. Experimental demonstration of 1 GHz and 290 MHz rep-
duced, at the expense of the negative half-cycle peak voltage,etition rates within an optical two-pulse burst at an applied voltage
by closing the second BOSS switch before the first one wasof 16 kV. The high recombination rates in neutron irradiated samples
completely open. The Fourier spectra for these two waveformsallowed for such fast turn off. The 340-ps pulse widths measured are

among the shortest for high power semiconductor switches. differ significantly, as shown in Fig. 19. As expected, the bipo-
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Positive
bias

voltage

Negative
bias

voltage

To 50 Ω
load

BOSS switches

Figure 17. Stripline configuration of the pulse-switch-out (PSO) gen-
erator. In this setup, the switches were used for producing a wide-
band, frequency agile source for RF energy radiation through broad-
band antennas.

lar pulses significantly reduced the dc component in the spec-
tra. In addition, the generation of nulls in the spectra in-
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creased the power spectral density at some of the lower
Figure 19. Fourier spectra of the two waveforms shown in Fig. 18.frequencies. The number and location of these nulls can be The existence of the bipolar swing significantly reduced the dc compo-

adjusted by varying the time delay between the two laser nent in the spectra. By varying the optical excitation pulse delay, the
pulses. spectra could be altered as desired.

GaAs Optothyristors
circuitry. However, optical triggering successfully isolated the

Ordinary thyristors are bulk current-controlled switching de- switching device from the control circuitry. The turn-on times
vices with kiloampere current-carrying capabilities and could be dramatically reduced as the photogeneration process
blocking voltages in the kilovolt range. However, their turn- provided for large increases in the current. Finally, the use
on speeds are relatively slow since a regenerative feedback of SI-GaAs as a sandwich layer between doped AlGaAs
mechanism based on internal space-charge layer modulation region led to P�-AlGaAs/N-AlGaAs-/SI-GaAs-/P-AlGaAs-/N�-
is responsible for the switching action (76). Similarly, the AlGaAs structures capable of flexible voltage scaling. Advan-
turn-off characteristics are generally limited by the character- tages of such a optothyristor structures include (1) a natural
istic electron-hole recombination times. To enhance the re- wavelength-dependent absorption window within the SI GaAs
sponse and increase the voltage scaling capability, AlGaAs-SI region for the triggering; (2) more uniform current densities
GaAs optothyristor switch structures have been suggested due to the formation of a near-homogeneous electron-hole
(11). Such optically triggered thyristor switches gained atten- plasma (geometric effects of contact and current crowding can
tion when high-voltage direct current transmission was con- be reduced through optical turn-on); (3) faster turn-on times;
sidered as a viable and cost-effective alternative to the ac and (4) hold-off voltage flexibility through variations in the
transmission over long distances. The conventional thyristors thickness of the SI-GaAs layer.
had to be stacked serially to attain the desired hold-off capa- While promising in some respects, the optothyristor has
bilities, which led to complex triggering and control electrical revealed problems of lock-on and catastrophic failure through

current filamentation at high voltages. These problems,
though not well understood, are likely to arise from the SI-
GaAs layer and the deep defects therein. All of the transport
physics described previously should apply. Also, unlike the
BOSS switch, the optothyristor is not inherently an ‘‘opening’’
switch, and the turn-off cannot be controlled in a flexible
manner. Recombination centers and traps have to be intro-
duced to enhance turn-off times, which are on the order of a
hundred nanoseconds.

Optically Switched MESFET Devices

Metal-oxide-semiconductor field-effect transistors (MESFET)
have also recently been proposed as elements for optically ac-
tivated switching. Such structures have been used as optical
detectors (101) and photomixers (102). The basic concept in-
volves photogeneration of carriers in the region between the
source and drain contacts to produce a current output as
these mobile charges move along the channel. Some of the
obvious benefits associated with switching in such a structure
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include the following:
Figure 18. Experimental demonstration of two bipolar pulses pro-

1. Shorter carrier traversal times as the mobile charge isduced by a PSO generator for 500-ps and 2-ns delays between the 1
�m laser pulses. created between the source and drain regions. However,
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