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Silicon carbide is a wide-band-gap semiconductor suitable for high-power high-voltage devices and
it has excellent properties for use in photoconductive semiconductor swileB&Ss PCSS were
fabricated as planar structures on high-resistivity 4H-SiC and tested at dc bias voltages up to 1000
V. The typical maximum photocurrent of the device at 1000 V was about 49.4 A. The average
on-state resistance and the ratio of on-state to off-state currents were abfuag@ 3x 10,
respectively. Photoconductivity pulse widths for all applied voltages were 8—10 ns. These excellent
results are due in part to the removal of the surface damage by high-temperatatehitg and
surface preparation. Atomic force microscopy images revealed that very good surface morphology,
atomic layer flatness, and large step width were achieved20@3 American Institute of Physics.
[DOI: 10.1063/1.1571647

Silicon carbidg(SiC), a wide-band-gap semiconductor of field, high speed, long lifetime, and negligible jitter time.
~3eV, is a candidate material for electronic and opticalAlthough Si and GaAs are the most commonly used materi-
devices and has advantages over other semiconductors espés in PCSS;’ compared to GaAs and Si, better performance
cially for high-frequency, high-temperatures and high-powerand wider(more) applications are expected from SiC PCSS
applications: This is because of its high saturation electrondue to its higher saturation electron drift velocity and higher
velocity (2.0x 10" cm/s), thermal conductivity thermal conductivity. The advantages of PCSSs over conven-
(4.9 W/cm °C), and high breakdown fiefd MV/cm).23The  tional switches make them the perfect choice for many im-
large band gap and high saturation electron velocity of Sigportant applications where high switching accuracy and
provide excellent high-temperature stability and high-power capability are important. Furthermore, wide-band-gap
frequency performance for various device applicatibfer ~ Semiconductor switches are attractive since they have a
that reason, SiC technology has made tremendous improvéigher tolerance compared to other switches due to their bet-
ments in the last decade with a variety of encouraging devicéer material properties. There has been significant interest in
and circuit demonstratiorts. using high-resistivity SiC, among the wide-band-gap semi-

SiC-based semiconductor electronic devices and circuit§onductors, for PCSS because it is one of the most techno-
are present]y being de\/e|0ped for use in high_power, h|gh|.0glca”y advanced materia?s‘.lo In addition, PCSSs have
temperature, and high radiation conditions in which convenbeen fabricated on SiC, both on 6H-S(Refs. 9 and 11
tional semiconductors can not adequately perform. The phgand later on 3C-Si€ However, a lack of semi-insulating
toconductive semiconductor swit¢PCSS is an important substrates prevented further development of PCSS technol-
type of electronic device and excels in applications requiring?@y on SiC due to the high dark currents normally encoun-
high voltage and high speed. Some of the applications of thiered with less resistive substrates. _

PCSS include high-speed photodetectors, high-voltage pulse !N this letter, we report measurements on 4H-SiC PCSSs

generation, and electron-beam pumped lasers, and radio frfar high-voltage applications. The devices were fabricated on

quency interference immunity. There is strong interest in dePUlk polycrystalline SiC material. These results are comple-

veloping these devices for use in high-power and highmented by photoconductivity measurements under a large dc

temperature applications. PCSSs have unique advantag@?s'

over conventional power switches including high breakdown The devices were fabricated with a circular geometry
with a switching gap of 1 mm on high-resistivity 4H-SiC.
This relatively large device size was chosen to prevent arcing

3Also with Atatirk University, Faculty of Arts and Sciences, Dept. of Phys- at hlgh voltages since the dielectric breakdown field strength
ics, 25240 Erzurum, Turkey; electronic mail: sdogan@vcu.edu !

YAlso with Balikesir University, Faculty of Arts and Sciences, Dept. of O_f air is approximately 30_kV/Cm- Since th_e fabr_icated de-
Physics, 10100 Balikesir, Turkey. vices are planar, the majority of the conduction will be along

0003-6951/2003/82(18)/3107/3/$20.00 3107 © 2003 American Institute of Physics
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FIG. 2. SiC PCSS dark resistance vs switch voltage together with on-state

switch resistance.
FIG. 1. AFM image from the Si face of the 4H-SiC aftey &hnealing and

15 s of molten (210 °C) KOH etching. The image size is2um?. Verti-
cal scale is 3 nm. The surface roughnésss valug over the whole areais nealed at 950 °C for 1.5 min by rapid thermal annealing in
0.31 nm. nitrogen ambient.

The photoconductivity of the SiC switches was mea-
the semiconductor surface. For that reasonahhealing and sured under a dc bias. The photoconductive effect is based on
wet KOH etching were used to passivate the surface. Thehe fact that the resistivity of a semiconductor can be altered
surface of the SiC wafer was exposed tg ¢is at a high by illuminating the material with an optical source whose
temperature (1650°C) in a 10 standard liter per Itsm) photon energy is larger than the semiconductor band-gap en-
H, environment. This leads to surface reconstruction, wherergy, thus generating electron—hole pairs which pave the way
macroscopic defects, such as the damage caused by mechdaor increased conduction. The photoconductivity measure-
cal polishing, and microscopic defects on the surface arenents were performed using a frequency doubled dye laser
annealed out. In Fig. 1, an atomic force microscgpiM) at 307 nm(4.04 eV} with a pulse width of~10ns. A
image of the Si face of 4H-SIiC after,kinnealing and mol- charged 0.25«F capacitor, in parallel with the device, was
ten KOH etching is shown. The image size is 2 um? and  used to provide a source of current during the photoconduc-
the vertical scale of the image is 3 nm in Fig. 1. The tem-tive pulse. The voltage drop across a @0current sense
perature of the molten KOH and etching time are 210 °C andesistor was used to measure the photocurrent through the
15 s, respectively. The surface morphology shows atomidevice, and a sensitive ammeter was put in series with the
terraces and steps with a terrace width ranging from 0.5 talevice for dark current measurements.

0.8 um and step height of-1.0 nm. As can be seen in Fig. Figure 2 summarizes the calculated dark resistance de-
1, the surface has atomic layer flatness. The large step widtiermined from the current flowing through the switch before
and steps are clearly observed. These terraces are due teswitching, and the switch “on” resistance versus applied the
small misorientation of the surface direction with respect tobias voltage. The resistance of the photoconductive devices
exact(000) or c-crystal direction. The step height for the can be changed over many orders of magnitude from a large
4H-SIC should be four paired atomic monolay&kdLs) value to low value in a short period of time which is com-
corresponding to about 1.0 nm which is in agreement withparable to the laser pulse ef8 ns for fast switching. The
the experimental observations. The terrace height on 6H-average dark resistance of the 4H-SiC sample was 5.18
SiC should be about 6 ML The surface roughnegsoot- X 10 Q). As can be seen from Fig. 2, the average on-state
mean-squaré'ms) value] measured from this area is 0.31 nm resistance is about 20 and the ratio of off-state to on-state
which is small enough for device applications. These resultsesistance is about 2&L0'. The on-state switch resistance
would lead us to conclude that,Hannealing, followed by is similar to values observed by Sheegal}?
brief KOH etching of 4H-SIC, leads to an atomically flat The dependence of the dark leakage current and peak
and damage free SiC surface, ideal for device fabrication. photocurrent on applied voltage for one of the devices is
The devices were fabricated in a lateral configurationshown in Fig. 3. The extremely low dark leakage currents
with rounded contact geometries in order to minimize fieldcan be attributed to a low defect density in the device, but
enhancement effects at the cornérBollowing the KOH  further improvements in material quality are needed. The
etch, chemical cleaning method, developed for Si, was usedverage ratio of the peak photocurrent to dark current, which
to remove the thin oxide layer from the surface of theis identical to theR/R,, resistance ratio, is 2:610'* and
sample. Photolithography techniques were used to definhis is a state-of-the-art value of on/off ratio. As can be seen
contact areas. The Ni/Ti/AB00 A /300 A /750 A metal-  from Fig. 3, the peak current does not yet show saturation
ization was deposited using electron-beéior Ni and Ti)  with applied voltage, implying that higher bias voltages can
and thermal evaporatioffor Au) in order to form ohmic be applied to these devices. The maximum photocurrent
contacts. A standard lift-off process was applied in acetone tmmeasured at 1000 V was 49.4 A. Figure 4 summarizes the
transfer the pattern to the sample. The contacts were amiependence of peak photocurrent on incident iaser power at
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60.0 —————— T 04 laser was used to measure the photoconductivity response of
[ @ Maximum Photocurent o ] the PCSS. High breakdown voltage values corresponding to
l O Dark Leakage Current e 1035 . k . . .
500 | o® ] g a high electric field have been achieved only for devices
< i . 103 £ having a smaller arédand shorter gap distarftéhan those
T 400} ° F 0.05 *0:',' studied here. The electric field applied to the devices was
2 [ 0o ] = calculated by dividing the applied voltage with the distance
§ 300 F o Jo02 % between contacts and was about 10 kV/cm. When the switch
k] r ° ] 2 is illuminated, its photoconductivity will increase and current
N = L ® b 0.15 X . . .
o 200f . 0 ] S will start to flow through the current sense resistor, which
© [ o o jo1 gives us the observed photoconductivity response. The cur-
2 100 - ° ° © ] 0.05 & rent should increase with increasing applied voltage until the
[ e o © 1 o saturation voltage is reached. The 4H-SIiC PCSS tested
Y A ST SO . switched the current many thousands of times and no degra-
0 200 400 600 800 1000 1200 dation was shown on these devices at high voltage. No
Bias Voltage (V) breakdown was observed on these devices meaning they can

FIG. 3. The dependence of peak photocurrent and leakage current of Iékely tolerate hlgher vc_>|tages ar?d sztCh hlgher erents' In
PCSS on applied voltage. order to examine the high electric-field effects, switches fab-

ricated with a small gap size should be used to reduce the
effect of micropipes®
1005 V. The beam was attenuated, and its power measured, In conclusion, planar PCSS have been fabricated on
as each of a series of glass microscope slides were placed fgh-resistivity 4H-SiC in large sized structures. Photocon-
the beam path. The photoconductivity experiments were thefluctivity measurements were done on these samples at bias
repeated with these calibrated decreases in laser pulse effltages up to 1005 V. The average on-state resistance was
ergy. As is seen from the inset of Fig. 4, the photocurren0 Q and the average off-state resistance wasl6'” Q, for

saturates with increasing excitation intensity. The contac ON/off ratio of 2.5 10'. The AFM image showed good
separation of the current device is 1 mm and maximum apsSurface_morphology, atomic layer flainess, and large step
plied field is around 10 kV/cm. Since the drift velocity is Width. The PCSS were measured with dc bias and showed

about 16 cm/s at this value of field, the carrier transit time is "€P€atable behavior over many thousands of pulses.

7 .
about 10 " s. On the other hand, the longest free carrier  This work was performed under USAF SBIR Contract
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