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Abstract—Laterally configured diamond
photoconductive semiconductor switches (PCSS) with a
buried, metallic p* current channel are reported. Above
bandgap (A = 226 nm) optical triggering enables
responsivity of over 130 mA/W. The use of low-impurity
semi-insulating diamond as an active absorption layer
enables fast rise and fall times (~2 ns) and on/off ratios
greater than 10"'. The PCSS excited with a laser energy of
20 nJ per pulse passes a high current density (44 A/cm)
under a DC bias of 60 V, thanks to the buried metallic p*
current channel. The reported devices promise high current
carrying capacity without the need for filamenting while
leveraging the excellent optical, electronic, and thermal
properties of diamond.

Index Terms— Diamond, photoconducting devices, power
electronics, light triggered switches
I. INTRODUCTION

PHOCONDUCTIVE semiconductor switches (PCSS) promise
high switching frequencies, short rise and fall times, optical
triggering, compact footprint, and ultra-high-voltage
packaging, making them attractive for high-power switching as
well as pulsed high-power technology [1]-[3]. However,
conventional PCSS have yet to reach necessary voltage/current
levels at the voltage/current slew-rates as required for power
grid protection against planned or unplanned grid outages [4].
The use of conventional semiconductors (e.g., Silicon or GaAs)
with low critical E-field results in elevated OFF-state power
loss and low blocking voltages [5]. In the case of direct-
bandgap semiconductors such as GaAs and GaN, high current
is enabled in high-gain mode, where one photon generates
multiple electron-hole pairs and the current flows through
filaments (i.e. high current density paths) rather than uniformly
throughout the bulk material [6], [7]. The filamenting,
commonly attributed to the impact ionization assisted by
photon recycling [8], emits bandgap radiation and is damaging
to the PCSS, resulting in short life spans.

Diamond’s extraordinary physical properties make it an
excellent PCSS semiconductor material that is inherently
advantageous for high voltage and high-power switching
applications, with practically no limit on thermal resistance. As
an ultrawide bandgap (UWBG) semiconductor, diamond has a
bandgap of 5.47 eV. Intrinsic diamond has high critical E-field,
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Ecriticat, (10 — 20 MV/cm), high carrier mobility, p, (up to 2100
cm? V-5t for holes and 1060 cm?>V-!-s'! for electrons), and
high thermal conductivity, ¥, (22 - 24 W-cm™-K™") [9]. Diamond
PCSS, both intrinsic [10] and extrinsic [11], have been
investigated utilizing excitation wavelengths above and below
the diamond bandgap, respectively. However, these devices
have low current density operating in linear mode (e.g., < 0.2
A/cm in [12]). In this study, we demonstrate high current
densities in laterally configured diamond PCSS with a buried,
metallic conductive channel achieved without the need for
carrier multiplication and filamenting. By operating in linear
mode (i.e., uniform current conduction without -carrier
multiplication), the diamond PCSS exhibit fast recovery times
and are expected to have better reliability than high-gain mode
PCSS.

[I. EXPERIMENTAL

Fig. 1(a) shows the fabrication process of the diamond PCSS,
which were based on a 500 pm thick, 4 x 4 mm? Type Ila high-
pressure, high-temperature (HPHT) diamond substrate. A 500
nm thick layer of heavily boron-doped p* diamond with atomic
doping concentration of 5 x 10?° cm™ followed by a 1.5 um
thick layer of unintentionally doped layer with atomic boron
concentration of 5 x 10'> cm™ were grown using microwave
plasma enhanced chemical vapor deposition (MPCVD), as in
our earlier work [13]. The p* diamond layer serves as the buried,
metallic conductive channel between electrodes. Rectangular
metal contacts composed of Ti/Pt/Au were deposited by e-beam
evaporation, followed by thermal annealing at 450 °C under Ar
atmosphere for 1 hour. The metal contacts are Schottky without
photoexcitation due to the low active doping concentration in
the unintentionally doped layer. However, under illumination
the contacts become ohmic due to photogenerated carriers [12].
After cleanroom fabrication, the sample was wire-bonded to a
chipset before being connected to the electrical setup.

Fig. 1(b) shows the optical setup used to measure the PCSS
performance. Photoconductive measurements were carried out
using a tunable optical parametric oscillator (OPO). The OPO
laser pulse has a FWHM of 4 ns, a repetition rate of 10 Hz, and
a spectral width of approximately 0.1 nm from 230 nm to 210
nm. The laser spot size was fixed to a diameter of 1.75 mm
using an iris to keep the laser power density uniform. The total
energy incident on the PCSS was controlled using a half-wave
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plate (A/2) and a polarizing beam splitter (PBS). One of the
separated beams was blocked, while the other is directed toward
the vertically mounted PCSS devices. The laser pulse energy
measurement was taken by inserting an energy meter into the
beam path of the unblocked beam.

Fig. 1(c) shows the test circuit used to characterize PCSS
performance. The test circuit consists of a DC power supply
connected in series with diamond PCSS and a Tektronix DPO
7254C oscilloscope with 50 € input impedance. The
oscilloscope was triggered by a silicon photodiode that detects
light scattered from the laser. The OFF-state resistances of
PCSS were obtained from current-voltage data using a Keysight
B1501A power device analyzer and an EPS 150 TESLA probe
station.

Ill. RESULTS AND DISCUSSION
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Fig. 1. Device fabrication and experimental setup a) Cleanroom
fabrication process of PCSS devices. (b) The optical setup used to
measure the PCSS device performance. (c) The electrical setup used
for the measurement.

Fig. 2(a) and Fig. 2(b) show the top-view image of the
packaged sample and a microscope image of a wire bonded
PCSS structure. Three lateral PCSS structures with electrode
spacings of 8 pm, 50 pm, and 100 pum were fabricated, and are
denoted as PCSS A, B, and C, respectively. All three PCSS
devices have the same contact width of 150 um and contact
areas of 0.03 mm? and 0.14 mm? for two electrodes. To
characterize the response time of the PCSS, the carrier lifetime
was estimated by curve fitting the envelope of the temporal
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Fig. 2. Diamond buried channel intrinsic PCSS a) Top-view image of the
packaged sample. b) Microscope image of a wire bonded PCSS
structure. c) A PCSS transient response. Blue curve: transient profile of
laser pulse; red curve: transient response of a diamond PCSS; green
dashed curve: fitted PCSS response to the envelope of the measured
response.

response.

Fig. 2(c) shows a typical transient response measured by the
oscilloscope, the exciting laser pulse measured via triggering
photodiode, and a fitted PCSS response assuming carrier
lifetime T = 0.5 ns. All three PCSS tested exhibit rise/fall times
(10 - 90 %) of about 2 ns, which is limited by the rise/fall time
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of the laser pulse and promises extremely high slew rate if
scaled to higher voltages.

Fig. 3(a) shows the measured peak photocurrent density of
PCSS C in the spectral range of 210 nm to 230 nm, with a fixed
incident optical energy of 30 pJ/pulse and a constant DC bias
voltage of 40 V. Peak photocurrent density increased
significantly from 1.08 A/cm to 6.28 A/cm as the laser
wavelength decreased from 226 nm to 222 nm. This change in
peak photocurrent corresponds to the sharp increase in the
measured absorption coefficient above diamond’s bandgap
Eg =5.47 eV, which increases from 24.04 £ 2.67 cm™! at the
wavelength of 226 nm to 245.60 + 27.31 cm™! at 222 nm. The
much-improved responsivity at shorter wavelengths implies

that above-bandgap excitations are advantageous for achieving
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Fig. 3. a) Dependence of peak photocurrent density on laser wavelength
for a PCSS device. (b) Dependence of peak photocurrent density on the
DC bias voltage for three PCSS devices. (c) Dependence of peak
photocurrent density on laser pulse energy. (d) Equivalent circuit model
of buried channel PCSS. (e) Simulated current density distribution in
logarithmic scale inside (left) a conventional PCSS and (right) a buried
channel PCSS.

high efficiencies in lateral diamond PCSS.

The photo response of the PCSS devices were characterized
under DC bias voltages between -60 V to 60 V. Fig. 3(b) shows
the dependence of peak photocurrent density on the DC bias
voltage for three PCSS devices. The laser wavelength is fixed
at 212 nm, which corresponds to a photon energy above the
diamond bandgap, and the incident optical energy is fixed to
40 pJ/pulse, which corresponds to a peak incident intensity of
415.7 kW/cm?. The effective energy incident on each PCSS is
20.0 nJ, 124.6 nJ, and 249.5 nJ per laser pulse for PCSS A, B,
and C, respectively. The linear peak photocurrent density J is
calculated by dividing the peak current through the 50 Q input
resistor with the width of the contact. PCSS A with 8§ um
spacing exhibits the highest current density of 43.5 A/cm at
60 V bias among three devices, corresponding to a responsivity
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of 130.3 mA/W. Here, the responsivity is calculated using the
laser FWHM of 4 ns and the effective energy per laser pulse.
The overall performance of three PCSS devices is summarized
in Table 1, where responsivity is normalized with the vertical
electric field across the semi-insulating layers.

TABLE |
SwITCH PERFORMANCE OF 3 PCSS DEVICES TESTED
# Spacing Rorr Ron @ Peak J Responsivity
(um) (GQ) (Q) Ron (A/em)  (mA-cm/W-kV)
A 8 0.24 72.1 3.3x10° 43.5 3.55
B 50 4x10* 121.5 3.3x10" 24.4 0.38
C 100 4x10*  211.4 1.9x10"! 15.3 0.15

At a DC bias of 60V and excited by 40 pJ, 212 nm laser pulses

Fig. 3(c) shows the peak photocurrent density as a function
of incident optical energy. PCSS B and C were tested at a
constant DC bias voltage of 40 V and two laser wavelengths of
212 nm and 220 nm. At both wavelengths, as optical power
increases, the photocurrent starts to saturate due to invariant
resistances in contacts and the buried channel.

To visualize the effect of the buried channel, an equivalent
circuit model of buried channel PCSS is shown in Fig. 3(d),
where the total resistance of the PCSS is expressed as:

Rpess = 2Rec + {R:||(2Ry + R3)} (1)
Here, R, R, are the resistances for the vertical and horizontal
current flow in the semi-insulating layer, R5 is the resistance of
the buried channel, R, is the effective contact resistance under
illumination, and Rpgs is the minimum PCSS resistance in the
ON-state calculated from experimental data by applying the

voltage divider rule to the 50 Q input resistor:
_ Vpex500

Rpess ==, —— =500 ()
where V), is the power supply DC voltage, and V5 is the peak
voltage measured by the oscilloscope. In (1), R; and R, are
calculated using the saturated photocurrents in Fig. 3(c)
assuming R, > Rj: when the optical power increases, R,
becomes negligible but R; and R, remain relatively constant.
Next, R, and R, are estimated by linear fitting the /-V curves.
Here, it is assumed that R, and R; are proportional to the
separation of two contacts, and R, and R, are the same for all
devices under the same photoexcitation condition. The values
of Ri, R,, R3, and R, for three PCSS devices are tabulated in
Table 2.

TABLE Il
CALCULATED EQUIVALENT CIRCUIT MODEL RESISTANCES
PCSS # Ry () R, (Q) R3(Q) R, ()
A 11 111 7 36
B 11 694 41 36
C 11 1387 82 36

At a DC bias of 40V and excited by 40 pJ, 212 nm laser pulses

From the equivalent resistance values, it is estimated that in
PCSS B, 92% of current conduction is through the buried
channel, while in the PCSS C with twice the channel length,
93% of conduction is through the buried channel. Fig. 3(e)
shows the current density distribution based on Synopsys
Sentaurus TCAD simulation at a DC bias voltage of 40 V and
under the illumination of 212 nm light with intensity of 10
kW/cm? inside a traditional and a buried channel PCSS with
electrode spacing of 50 pm, respectively [14]. In lateral PCSS
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with a buried, metallic conductive channel, current conduction
is concentrated inside the heavily doped channel, while in
traditional PCSS the current density is evenly distributed inside
the semi-insulating layer. The TCAD simulation is consistent
with fitted results based on measurement data and implies that
the addition of the metallic buried channel greatly reduces the
total ON-state resistance of PCSS.

Fig. 4 benchmarked the on/off ratio vs. laser energy of our
PCSS against previously reported PCSS devices. By utilizing
the semi-insulating diamond layer and above bandgap
photoexcitation, we achieve large on/off ratios using a low-
energy laser source [6], [12], [15]-[22].
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Fig. 4. Benchmark of the tested PCSS devices against prior diamond,
GaN, and SiC PCSS in terms of on/off ratio vs. energy per laser pulse.
The excitation wavelengths used in each study are shown [6], [12], [15]-
[22].

I[V. CONCLUSION

In conclusion, diamond lateral PCSS with a buried, metallic
p ™ current channel are demonstrated with above bandgap optical
triggering. The PCSS devices exhibit large on/off ratios (>10'!),
fast rise/fall times (~2 ns) and high current densities (44 A/cm).
The PCSS devices exhibit linear current-voltage characteristics
up to DC bias of +/- 60 V, implying that even higher current
densities are possible before carrier velocity saturation occurs.
TCAD simulation and experimental data predicts that over 90%
of current conduction is through the buried, metallic conductive
channel. The buried channel design enables higher
photocurrents during the ON-state utilizing the high
conductivity p* channel, while still maintaining large OFF-state
resistances. This study’s results advocate new designs for PCSS
to realize higher ON-state current and efficiency.
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