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PREFACE

This volume contains papers presented at the 1996 MRS Spring Meeting
during the symposium on llI-Nitride, SiC and Diamond Materials For
Electronic Devices.” The meeting was held in San Francisco, California, from
April 8-12. The symposium involved over 140 papers that included invited
presentations and contributed oral, poster and late news posters, as well as a
panel discussion held mid-week. This symposium differed from several
previous MRS symposia on wide bandgap semiconductors in that the
emphasis was specifically on materials aspects related to electronic
properties and devices. The proceedings volume is organized much as the
meeting, but with poster and oral presentations mixed according to the
session topics. Solid advances were reported in the growth techniques of all
three materials groups. Contributions demonstrated the critical importance
of surfaces, interfaces, doping, defects, and impurities. Reports showed
potential device applications ranging from new high-frequency, high-power
all solid-state devices to unique cold cathode electronic devices. While the
results presented here demonstrate real promise for a wide range of new
solid-state devices that are not feasible with current production materials,
substantial progress in materials research is necessary to fulfill the real
potential of these applications. A lively panel discussion was held in the
middle of the conference which focused on several critical issues related to
the electronic potential of the three materials.
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of the meeting chairs, Thomas F. Kuech, Clifford L. Renschler, and Chuang
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SiC Semiconductor Applications - An Air Force Perspective
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ABSTRACT

The Department of Defense (DoD) is investing in the development of
Silicon Carbide (SiC) for a wide range of applications. Over the past year,
SiC technology has demonstrated excellent device performance results for
power devices, high temperature electronic devices and microwave
devices. The materials growth and processing technology for SiC is now at
a level of sufficient maturity to support substantial device development
efforts. While there is still considerable materials and device research
required for SiC to achieve it's full potential, the fundamental technology
has been proven for several critical applications. A perspective on some
Air Force device performance requirements will be presented. The status
of SiC materials development, material limits to advances in device
performance and issues relating to supporting technology will also be
discussed.

INTRODUCTION

The U.S. Air Force is developing advanced semiconductor materials to
meet requirements for next generation systems. "Conventional”
semiconductors, such as silicon and gallium arsenide, won't be able to
provide performance for many high temperature, high power applications.
SiC-based electronic devices are being developed to address some of these
military applications. Much work is being performed and sponsored by
other U.S. government agencies, including DARPA, the Navy, the Army and
NASA. Many of the applications for SiC discussed here are quite similar to
applications being pursued by these other agencies and services. This
paper will focus, however, on Air Force applications.

Three primary system application areas will be presented: Power
Components, High Temperature Sensors and High Frequency Applications.
There are other technical areas where SiC (and other wide bandgap
semiconductors) offer advantages, such as for UV sensors and
optoelectronics, but the majority of the development efforts within the Air
Force are presently focused on these three primary applications. Each will
be discussed in turn.

Other wide bandgap semiconductors are beginning to show great
promise for dramatic improvements in device performance. There has
been a tremendous increase in the research efforts on gallium nitride-
based devices. These materials have already demonstrated superior
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optical performance over SiC , and will possibly push the performance
envelope of RF devices beyond that obtainable with SiC. These materials
are, however, much less mature than SiC. For some relatively near-term
applications needed by the Air Force, SiC technology is becoming mature
enough to be considered as a candidate for these requirements. For non-
optoelectronic applications, the electronic and thermal properties of SiC are
sufficient to meet many device performance requirements. The mobility
and breakdown field strengths are high enough, and most importantly, SiC
substrates are available. This will allow SiC devices (on SiC substrates) to
perform closer to theoretical limits than devices built by heteroepitaxy.
While there are still further improvements required in the materials
technology, the level of technical risk has decreased to where it is
reasonable to pursue some specific system insertions.

POWER COMPONENTS

Very high power, high temperature devices will enable development of
the "More Electric Aircraft". This is part of a tri-service, multi-agency
"More Electric Initiative” [1]. The goals of this initiative are to reduce the
total system weight, while increasing reliability and performance.
Reduction (or elimination) of active cooling and hydraulic actuation, as well
as a reduction in part counts are planned. To accomplish these goals, very
high power, high temperature electronics will be required to support the
power management and distribution system.

One great advantage of SiC for power components is in efficiency. SiC
device efficiency has been modeled at over 99% [2]. The best performance
for a silicon device will be at 95% or less. This increase in efficiency will
result in a five fold reduction in electronics heat load. This will enable the
reduction or complete elimination of the cooling systems required for the
Power Management and Distribution (PMAD) system, flight actuator, stores
system and the engine control electronics [1].

To accomplish this level of performance, devices must possess the
following characteristics: high voltage (600-1000 V) with high
conductance, low switching loss and high current density (1000 A/cm?2).
These devices must operate up to 350 °C and must be highly reliable. For
electric motor and generator control applications, motor controller devices
operational to 350°C are required. These include highly efficient
inverter/converter circuits (95-98% efficient) and 50-200 hp electric
drives. To handle the power, solid state circuit breakers (greater than
1000 V) must also be developed.

The most critical materials limitation for power device development is
the requirement for large area (greater than 1 cm?2), low (zero) defect
density bulk and epitaxial materials. Since current density scales with
device area, the only practical means to achieve the high current densities
required is to produce larger devices. This doesn't mean that large




diameter, defect-free wafers are required, only that wafers exhibiting
large, defect-free regions must exist. Large, defect-free wafers will be
necessary to improve device yields as the device production technology
matures. Dopant uniformity is also an issue. Another area requiring
improvement relates to the oxide/dielectric layers. These layers must
exhibit both high temperature reliability (at 350°C) and high breakdown
field strength (greater than 10 MV/cm). Low resistance contacts,
especially p-type, with high temperature stability are also required.

HIGH TEMPERATURE SENSORS

Distributed electronics, which can be considered a "local engine network”
[3] are being developed to replace hydraulic actuation. Again, this will
lead to reduced system weight, complexity and maintenance. Very high
temperature sensors, capable of performing some signal conversion
functions, are required to accomplish this goal. In particular, pressure,
temperature and position sensors capable of performing A/D, D/A and low
signal amplification at the sensor must be produced and integrated into the
aircraft control system. These components must function reliably at
temperatures above 350°C. Some specific near-engine sensor
requirements call for operation at temperatures near 650°C. High
temperature packaging and stable metallizations for these temperature
ranges will also be necessary.

The limitations being encountered in the development of these devices,
namely undesirable threshold voltage variations and inadequate
mobilities, relate primarily to epitaxial materials growth. As reported by
Krishnamurthy et al [4], undesired aluminum (Al) contamination from p-
type substrates (or epitaxial layers) into an n-type SiC layer can result in
threshold voltage variations. In addition, the electron mobility of the n-
type layers are also reduced by the presence of Al [4]. Stable p-type
dopants, possibly alternatives to Al, with large area uniformity will be
necessary. Also, dopant predictability and reproducibility must be
achieved before devices can be produced in quantity. Other materials
limitations include the reliability of the oxide layers required for many of
the device designs currently under development.

HIGH FREQUENCY, HIGH POWER DENSITY RF

Efforts are underway to replace vacuum tubes with solid state
components. In general, moving to solid state components (based on GaAs
and InP) will improve system safety and maintainability. SiC-based solid
state devices offer the possibility of further size and weight reductions due
to higher power densities, reduced cooling requirements and higher
temperature and voltage operation. Specific RF and microwave system
requirements potentially benefited by SiC device development involve




frequencies between 200 MHz and 12 GHz (UHF through X-Band).
Potential applications are in the areas of communications, radar (airborne
and ground-based) and electronic warfare [S5]. Power requirements for
these devices are for 50-1000 W (pulsed) and at least 200 W (continuous
wave, CW). High efficiency (power added efficiency, PAE, greater than
40%) and high linearity are also essential.

Materials limitations which are slowing device development include
small substrate diameters, high defect levels and unstable electronic
properties. Cost effective, production-worthy devices will require
substrates at least three inches in diameter, with fewer than 10
micropipes/cm2, and less than 1000 dislocations/cm2. Uniform, stable,
semi-insulating material, with resistivities greater than 1E6 ohm-cm must
also be available, in particular, to support the development of high power
MESFET structures. Other requirements for successful SiC RF products
include uniform, large area epitaxial growth, ion implantation to enable
planar circuit development and stable p-type contacts.

SUMMARY

While examples of SiC power devices, high temperature sensors and RF-
devices have been successfully demonstrated, there are still fundamental
materials problems which must be resolved for this technology to reach its
full potential. The Air Force will continue to emphasize uniform epitaxial
growth, stable p-type dopants and process control. Bulk substrate
materials are becoming consistently better, but larger diameters are
necessary to assure technological acceptance by the device community.
Other materials requirements include research on oxides/dielectrics to
produce low interface state densities (SiC/dielectric interface) and high
temperature reliability, and research on metal contacts which remain
stable at high temperatures and current densities.
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ABSTRACT

The present status of SiC high-voltage power switching devices is reviewed. The figures of
merits that have been used for unipolar and bipolar devices to quantify the intrinsic performance
improvement over silicon are presented. Analytical and numerical modeling and simulations to
estimate the BV and device choice are described. The active area and termination design of
trenched-gate MOS power transistors, together with an integrated process for their fabrication, is
presented. The progress in high-voltage power device experimental demonstration is described.
The material and process technology issues that need to be addressed for SiC device
commercialization are discussed. Finally, the impact of SiC power devices on motor drive
systems is estimated.

INTRODUCTION

While silicon is the dominant semiconductor of choice for high-voltage power device
applications, wide bandgap semiconductors, particularly SiC, have attracted much attention
recently because they are projected to have much better performance than silicon [1-5].
Compared to silicon, these wide bandgap semiconductors, SiC and GaInN can be categorized into
one group while diamond and AIN into another because the former has bandgaps of 2-3.5 eV and
the latter 5.5-6.5 eV. On the other hand, the Group IV or IV-IV semiconductors have indirect
bandgaps whereas the Group IlI-nitrides are direct. In particular, various polytypes of SiC has
superior physical properties which offer a wider energy bandgap (2 to 3 times), a higher electric
breakdown field (8-10 times), a higher thermal conductivity (3 times), a larger saturated electron
drift velocity (2-2.5 times), when compared to silicon (See Table I). Hence, SiC power devices
can operate at a higher temperature, a higher frequency, and a lower power loss, together with a
less stringent heat sinking requirement. In this paper, the unipolar and bipolar figures of merit for
power devices will be described. The analytical and numerical modeling analyses used for SiC are
presented. The design of MOS SiC device structures, including termination, and processes will
then be discussed. Also, the outstanding material and processing issues that need to be overcome
to commercial SiC devices will be pointed out. Finally, the impact of SiC technology into motor
drive systems on efficiency will be estimated.

FIGURES OF MERIT

To quantify the intrinsic improvement of replacing silicon with wide bandgap semiconductors,
several different figures of merit (FM), which are proposed specifically for unipolar and bipolar
high-voltage power devices [1,2,4,5], have been used. It should be noted that the avalanche
electric field is the most important physical material parameter in all of these figures of merit,
followed by thermal conductivity and carrier mobility. The unipolar figures of merit for the major
wide bandgap semiconductors is shown in Table II. A low frequency FM (like BM [1]) shows a
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Table I: Physical properties of important semiconductors for high-voltage power devices.

Material E g 8( un “‘ P E c vsat )" ni
eV Vs | em?vs | 10°Viem | 10" viem | W/em cm™

Si 1.1 {11.8] 1350 450 0.3 1.0 1.5 | 1.5x10%

Ge 0.66 | 16.0 | 3900 1900 0.1 05 0.6 | 2.4x10"

GaAs 14 [ 128 | 8500 400 0.4 2.0 05 | 1.8x10°

GaN 339( 90 | 900 50 33 25 13 | 1.9x10™

3C-SiC | 2296 100 50 12 20 45 6.9

4H-SiC (3261 10 | 720° 50 2.0 2.0 45 | 8.2x10°
650°

6H-SiC [286] 97| 370° 50 2.4 2.0 45 | 24x10°
50°

diamond | 545 55 [ 1900 1500 5.6 2.7 20 | 2.4x107

Note: a — mobility along a-axis, ¢ — mobility along ¢ axis

Table II: Normalized unipolar figures of merit of important semiconductors for high-voltage power
devices[4].

Material | IM |KM| Qgn Qr | BM (Qr) | BHFM
1

Si 1 1 1 1 1

Ge 0.03] 0.2 | 0.06 0.02 02 03
GaAs 71 105 5.2 7 16 11
GaN 756 | 1.6 | 563 6220 653 78
3C-SiC 64 | 16| 112 446 37 11

4H-SiIC | 178 | 4.6 | 387° | 25807 129° 237
350° | 2330° 117° 21°
6H-SiC | 256 | 4.7 | 334" | 2670° 111° 17
45° 360° 15° 2
diamond | 2540 32 | 54860 | 1024000 [ 4110 470

Note: @ — values calculated using mobility along a-axis, ¢ — values calculated using mobility along ¢ axis

10-100 times improvement over silicon due to the fact that a reduced drift length needed to
support the required voltage rating results in a lower ON-resistance. By contrast, a better high-
frequency FM (like BHFM) is due to a reduced capacitance from decreased active area [2].
Comparison of wide bandgap power devices with silicon counterparts is complicated by the fact
that these devices can be grouped into two distinct groups - those having an odd number of
junctions and those having an even number. Junction rectifiers and thyristors belong to the former
group while the bipolar junction transistor belongs to the latter. Consequently, in the ON state,
junction rectifiers and thyristors have a turn-on ("knee") voltage which is about 70% of the
semiconductor bandgap but the BJT does not have such a turn-on knee due to junction drop
cancellation between the emitter-base and base-collector junctions in saturation. While the second
group of devices can use the unipolar figures of merit, for the first group, the high turn-on voltage
(1.5 to 2.8V) for the wide bandgap semiconductors results in a higher forward drop, when
compared to silicon (with a 0.7V turn-on voltage), for low-frequency applications where
conduction loss dominates. However, with increasing switching frequency, the reduced lifetime in
the drift layer to improve the switching power loss causes a rapid increasing forward drop.
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Hence, a bipolar figure of merit using the frequency (fnin) at which the total power loss silicon
device becomes equal to that of the wide bandgap semiconductors has been defined [S]. Another
point that needs to be pointed out is that only indirect semiconductors are considered because
only their minority carrier lifetimes are sufficiently long (>1us) to enable conductivity modulation
of the drift layer. Tables III and IV shows the various power loss components and this FM for a
1000V pin junction rectifier and IGBT (a dominant MOS-controlled bipolar power transistor),
respectively, and we can see that SiC polytypes and diamond have a lower total power loss when
the switching frequencies exceed 30 kHz [5]. Similar improvement has been estimated for
thyristor and GTO [5].

Table IIT: A bipolar figure of merit applied to PiN rectifier (Calculated at J, = 1004/cm?,
Ve = 1000V, 7,0 = 10ps, T, = 0lus) [5].

Name N, WN_ Ve J o Jog Lot | b | e | By | Sam
(em™) | (um) | (V) | (Alem®) | (Alem?) | (ms) | (s) | (ms)| () | (my) |(kH2)
Si 1.3x10"| 100 {088 9.7 |2x10°| 7 |081| 0 |082| 54 -
Ge 4.4x10"%| 200 {047| 83 |8x10?|76| 18| 0 | 18] 62 0
3C-SiC [ 3.8x10" [ 16.7]1.98| 428 |2x10°| 44| 02|22 |02 20 | 1.62
6H-SiC | 1.6x10| 833 |2.65| 462 |3x1072|10.0|0.14| 46 |0.14! 55| 1.82
Diam |12x107| 23 |5241 934 |5x10*]| 2.6 [0.02] 10 [0.029] 1.1 | 4.12

Table IV: A bipolar figure of merit applied to IGBT (Calculated at .J,. = 100 A/ cm’ Ve =1000V) [5].

Name N, WN— Tao Ve | Opp | Wa Jor s E; S i

(cm™) | )| (us) (m) | (A/em?) | (ms) | (m1) |(kHz)
Si 1.3x10%| 100 | 1.0 |12]0.14 | 6.0 | 2.0x10° | 0.285 2.55 -
Ge 44x10%| 200 | 095 |0.63| 0.14 | 12.0 | 8.5x10%| 0.302 270 | <190

3C-SiC |3.8x10"| 16.7| 037 [2.74] 0.14 | 1.0 |5.4x107"| 0.058 0.55 | 384
6H-SiC | 1.6x10%| 833 | 0.15 1297| 0.14 | 0.5 |1.8x10°®| 0.016 0.15 | 36.9
Diam | 1.2x10"7| 2.3 [ 0.0011}5.04| 0.14 | 0.14 | 5.0x10°% | 6.0x107* | 5.0x10*| 75.3

Modeling and Simulations

Analytical modeling and numerical simulations have been used for SiC device performance
projection. The material parameters and their variation with temperature used in these simulations
have been carefully assessed and extracted from available experimental data. These include
impact ionization coefficients, bandgap energy, carrier mobility and dopant energy levels. In
particular, the bandgap variation with temperature of 6H-SiC is obtained by a two-parameter fit to
experimental data. Impact ionization coefficients of electrons and holes (o, and op respectively)
as a function of electric field were also estimated by using the conventional two-parameter fit of
the best available experimental data [6]. To simplify our analysis and obtain an approximate
design curve, we have approximated [7] the ionization coefficients by a single ionization
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coefficient using a power law (following Fulop's approach used for Si [8]) and obtain the ideal
breakdown voltage GBVpp) and depletion layer width at breakdown (Wp,) as a function of
background doping as shown in Fig. 1. For example, at a doping concentration of 1016 ¢cm-3, a
BVpp of 2810 V and a W, of 17.4 um were obtained, compared to a BVp,, of 2700V obtained
using the exact o's. Furthermore, the effective avalanche field estimated for doping concentration
of 1015 t0 1017 ¢m=3 is the range 2.5 x 105 V/em, close to the experimental value of 3 x 106
V/em. Also, in contrast to silicon, the breakdown voltage of 6H-SiC is expected to decrease
when temperature increases [9]. While this analytical curve is very useful in estimating the drift
length required, more accurate two- or three- dimensional numerical simulations solving the
continuity equations are used to assess the device performance. However, even these simulations
are only approximate due to a lack of basic material parameters (like Auger coefficients) and their
orientation and polytype dependence for SiC.

10% = =10
.
L
- %
1
14
| =
Jior
q =
N
o
]O|5 'IO|6 ]0|7

Doping concentration (cm)
Figure 1. Breakdown voltage of parallel-plane, one-sided abrupt junction (BVpp) and its
depletion layer width at breakdown (Wpp) for 6H-SiC at 300K [7].

The choice of whether a unipolar device (like a MOSFET) or a bipolar device (like an IGBT)
should be used for a particular application depends on the blocking voltage and operating
temperature. For silicon, for blocking voltage above 300V, the IGBT is preferred over the power
MOSFET due to a lower drift layer resistance resulting from conductivity modulation. For SiC,
the reduction in ON-resistance makes IGBT uncompetitive below 1000V. However, at higher
blocking voltages or operating temperatures or in applications where a high overcurrent
(sometimes as high as 10 times the ON-state current) condition may exist, the IGBT can perform
better than the power MOSFET. More on this will be discussed in the next section.

DEVICE STRUCTURES AND PROCESSES

Active Area Design

Silicon power MOS devices almost exclusively use a Double-diffused MOS (DMOS)
structure in which the channel is formed between the difference in junction depths of the p-body
and n+ source along the MOS surface. DMOS in SiC is difficult due to slow diffusion of most n-
and p-type dopants at or below 1200°C. By contrast, the UMOS in which the channel p body
layer can be grown epitaxially after the growth of the n drift layer can be formed by subsequent n+
source implantation, vertical trench etching and gate oxidation. Since the SiC UMOS structure
can be realized with present process technology, its use in high-voltage power MOSFET and
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Figure 2. Schematic Cross-section of high-voltage DMOS and UMOS FET and IGBT.

IGBT has been experimentally demonstrated [10,11]. However, care must be taken in the device
and process design so as to avoid high electric field at the trench corners. To illustrate this point,
the breakdown voltage of a UMOS FET as a function of mesa width for various trench depths is
shown in Fig. 3. For deeper trenches, a very narrow mesa width (<3um) is needed to provide
charge shielding and hence higher BV.

In the on-state, it has been found that a 1000V SiC power UMOSFET (with a fairly
aggressive pitch spacing of 15 um) is expected to have an ON-resistance about 100 times better
than Si at room temperature as well as at 400°C. In contrast, despite its conductivity modulation,
SiC IGBT's are not always better than the SiC MOSFET's due to a higher turn-on voltage [3].
However, at higher current densities (>500A/cm2) and higher operating temperatures (>200°C),
SiC IGBT's can have a lower forward drop than SiC power MOSFET (see Figs. 4 and 5).
Furthermore, the minority carrier lifetime in the drift region needs to be sufficiently high (>0.3 ps)
so that the drift region drop is minimized.

Termination

Besides the active area design, the termination design is critical to realize the optimal blocking
voltage of a power switch. For a DMOS FET or IGBT, a lightly doped, implanted RESURF
region can be used to reduce the surface electric field so as to obtain blocking voltages close to an
one-dimensional, ideal junction breakdown voltage. (See [12] for a design example of this.)
While the placement (by implantation, for example) of the proper space charge would yield the
optimal BV, one usually do not know a priori the actual amount of active charge (vs. the amount
implanted). Hence, the exact dosage needs to be determined empirically. For UMOS devices, a
three-step termination design, shown in Fig. 6, which removes part of the p-body epi layer by
vertical plasma etching, are explored and they are compatible with the UMOS process, which is
used to fabricate the vertical MOS channels. This termination technique closely resembles that of
angle beveling in that a certain amount of dopant space charge is removed from the more heavily
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doped side so as to spread out the total electric field across the junction. In our three-step
termination design, the step region nearest to the pn junction should be totally depleted when BV
is reached. (Such a case is depicted in Fig. 7.) The key design parameters are the length and
height of each step. By varying the step heights, near-optimal blocking voltages have been
obtained with reasonable process latitudes, as shown in Figs. 8 and 9.

2000 2000,
BVpp BVpp
s 1800 s 1800
8 1600] & 1600
2 2
9 1400 S 1400
£ 1201 £ 1200
) x: d1=0.2 micron S
¥ 1000 0:d1=0.3 micron § 100 x: L1=5.0 micron !
§ 800 *: d1=0.4 micron ] & 800 0:L1=7.0 micron
+ : d1=0.5 micron *: L1=10.0 micron
600 600
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
d2 {micron) d2 (micron)

Figure 8. Breakdown voltage of the termination ~ Figure 9. Breakdown voltage of the termination
structure as a function of d1 and d2 [7]. structure as afunction of d2 and L1 [7].

Switching Characteristics

Due to the absence of minority carriers, the ultimate switching speed of the power MOSFET is
the carrier relaxation time in semiconductor, which is about 1ps. Practical silicon power
MOSFET switching times are usually limited by gate resistance and capacitance and package
inductance and typically range from 1-10ns. By contrast, minority carrier storage and its removal
slows than the turn-off time of the Si IGBT, which is larger than 100ns. SiC IGBT's can be faster
than the silicon counterparts due to a thinner drift layer and less minority carrier storage.

Integrated UMOS Process

In silicon UMOS processes [13,14], the most important processing steps are the vertical
trench etching and gate poly-Si planarization. The trench etching conditions determine the exact
trench shape and carrier mobility along the trench sidewalls and the gate poly-Si planarization can
greatly affect gate-to-source shorts and hence device yield. Most of the SiC UMOS devices
reported [10] are non-planar because the gate electrode is not self-aligned and planarized.
Recently, we have developed a self-aligned, poly-Si gate UMOS process and implemented it on
6H-SiC to fabricate UMOS FET and IGBT with the three-step termination described earlier [11].
Highlights of this process flow are depicted in Fig. 10. This fully planarized process resembles
that of a state-of-art silicon UMOS process in using anisotropic etching to define vertical
trenches, which are subsequently oxidized and filled with a conformal layer of CVD poly-Si, and
successive oxidation and etch-back to planarize the poly-Si. On the other hand, unlike any Si
UMOS process, the gate oxidation is performed after the N+ source and P+ short implantation
due to the high (>1200°C) dopant activation temperature. Furthermore, different barrier metals
need to be used for Ohmic contacts to the N+ and P+ implanted regions. Other process
enhancements, such as a thicker oxide on the trench bottoms, can be further incorporated into this
basic process.
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Figure 10. SiC UMOS FET/IGBT process flow.
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EXPERIMENTAL DEVICES

Many 6H- and 4H-SiC test devices of BV higher than 100V have already been demonstrated.
These are summarized in Table V. Junction rectifiers as high as 4500V has been reported for 6H-
SiC [15]. High-quality 3C-SiC junction rectifiers with a BV of 350V have also been grown on
6H-SiC substrates [16]. Schottky rectifiers of BV as high as 1100V for 6H-SiC [17] and 4H-SiC
[18,19] . A npn BJT with an epitaxially grown base has been demonstrated in 6H-SiC, having a p
~ 10 and a blocking voltage of 200V [20]. 6H- and 4H-SiC vertical power UMOSFET's of up to
300V and 1A has been fabricated and characterized but their ON-resistance is higher than optimal
[10,20]. The highest BV (450V) for a SiC FET was reported for a substrate-gate, lateral JFET
on 6H-SiC [21]. 6H- and 4H-SiC gate-triggered thyristors reported have BV ranging from 100
to 375V and current levels as high as 1.8A [10,20,22]. Recently, we have also fabricated
UMOSFET and IGBT [11] with BV up to 200V and current up to 1mA using the fully planarized
UMOS process described above. The experimental and simulated I-V characteristics of one of

Table V: A list of SiC power devices that have been experimentally demonstrated.

Device Type | Polytype | Power Ratings Features Developer
Rectifier .
Schottky 6H-SiC 550V, AVTi Guard-Ring Termination | Fuji Electric, 1995
6H-SiC 1100V, Ni U. of Cincinnati, 1995
4H-SiC 1100V, Ti C-Face Kyoto Univ. 1995
4H-SiC 1000V, Ti N. Carolina State U., 1995
Junction 6H-SiC 4500V, 20mA Ve ~6V Linkoping Univ. 1995
6H-SiC 2000V, 1mA NASA, 1993
3C-SiC 350V On 6H-SiC substrate NASA, 1994
Transistors:
MOSFET 6H-SiC 60V, 125mA UMOS, 38mQ — cm? Cree, 1993
4H-SiC 150V, 150mA UMOS, 33mQ ~ cm? Cree, 1995
JFET 6H-SiC 450V, 12mA Lateral, Substrate Gate | N. Carolina State U., 1995
4H-SiC 170V, 50mA Lateral, Buried Gate Ioffe Institute, 1995
BIT 6H-SiC 200V, 20mA B~10,126mQ —cm® | Cree, 1993
IGBT 6H-SiC 200V, 1mA Self-Aligned UMOS RPI/GE, 1996
Thyristors:
Thyristor 6H-SiC 100V, 20mA Gate Triggered Cree, 1993
4H-SiC 375V, 1A Gate Triggered Cree, 1995
6H-SiC 100V, 1.8A Gate Turn-Off ARL, 1995

our UMOS IGBT at 250°C are shown in Fig. 11. A very low channel mobility (<5% of the bulk
value) needs to be used for data fitting.

MATERIAL AND PROCESSING CHALLENGES

At present, commercial SiC substrates of 6H and 4H polytypes up to 2 inches in diameter are
available and custom n- and p-type epitaxial layers up to 10 um can be ordered. For high voltage
devices, total epitaixal layer thickness of at least up to 30um with acceptable surface flatness and
doping uniformity and minimum compensation is needed. To minimize parasitic substrate
resistance and maximum carrier concentration, a doping of 1019 ecm-3 would be desired. The
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Figure 11. Experimenta! (a) and simulated (b) current characteristics of 6H-SiC UMOS IGBT at
250°C[11].

most severe structural defect is the micropipes but its density has been substantially improved (to
a recently reported value of less than 10 micropipes/cm?2 [23]). A micropipe density of less than
1/cm2 is needed to realize devices of current ratings larger than 100A with reasonable yield. 3C-
SiC can be heteroepitaxially grown on silicon substrates but due to a large (18%) lattice
mismatch, the interfacial region is full of defects and poor film qualities often results. High-
quality 3C-SiC film growth on 6H-SiC substrates has been demonstrated [16] but careful control
on surface and growth conditions need to be performed to prevent nucleation of other polytypes.
AIN substrates are not commercially available but heteroepitaxial hexagonal AIN films can be
grown on sapphire substrates. SiC is the only compound semiconductor on which a high-quality
SiO5 film can be grown, much like silicon. While MOS interfacial properties of thermally grown
oxide on lightly doped n-type 6H-SiC can be controlled to the extent that a fixed oxide charge
(Qp) less than 1011/cm2 and interface state density less than 101 1/cm2-eV can be obtained, those
on p-type appears to be much worse [24,25] and its cause has been attributed to either aluminum
[24] or carbon [26] at the SiO,/SiC interface. High surface state densities also degrade
termination design by enhancing surface electric field crowding. Also, the effect of RIE on the
MOS parameters has not been investigated. Furthermore, high-temperature reliability of gate
oxide is also of major concern [27]. While dopant diffusion in SiC is very slow when compared to
silicon, planar, ion-implanted n+/p and pt+/n junctions, using nitrogen and aluminum or boron
respectively, have been demonstrated, despite a relatively high implantation/activation
temperature (>1200°C) and small percentage (<20%) of dopant activation [28-32]. However, its
forward and reverse I-V characteristics is inferior to either silicon implanted junctions or
epitaxially grown SiC junctions, probably due to defects introduced during implantation. Ohmic
contacts of reasonable contact resistivities (<10-4 Q-cm?2) have been made to SiC. Usually, Ni is
used on n-type contacts and Al is used for p-type contacts. A relatively high (around 1000°C)
sintering step is performed for contact formation. Formation of p-type contacts is more difficult
because a high surface hole concentration is often hard to achieve due to the deepness of the
acceptor levels (>180meV).
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SYSTEM EFFICIENCY

The performance enhancement projected for SiC MOSFET will be further demonstrated in
using a 15A motor drive system as a test case. Efficiency due to device power dissipation has
been shown [33] to be drastically reduce when SiC-based devices replace conventional silicon
devices. In Fig. 12, the system efficiency (due to device power loss) calculated analytically using
a self-consistent model [34]) is shown as a functional of frequency at room temperature for Si and
SiC devices respectively. It can be seen that the SiC devices dissipate much less power and
operate at a higher (>10 times) switching than the Si counterparts, despite a much larger voltage
rating. These efficiency figures demonstrate that SiC devices can be used to reduce energy
consumption and relax the heat sinking requirements of the package.

100 Optimized efficiency of Si UMOSFET Optimized efficiency of SiC UMOSFET
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Figure 12, The optimum system efficiency of Si and SiC devices as a function of switching
frequency [34].

SUMMARY

We have reviewed the present status of SiC devices for high-voltage power electronics
applications. In particular, we have presented the figures of merit, modeling and simulation
approaches, the design of device structures and processes, major device achievements, material
and processing challenges and system efficiency impact of SiC power devices. With the advance
of material, process and device technology, we expect to see SiC power devices commercially by
the year 2000.
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GROWTH OF HIGH QUALITY (In,Ga,Al)N/GaN HETEROSTRUCTURE
MATERIALS AND DEVICES BY ATMOSPHERIC PRESSURE MOCVD
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ABSTRACT

Using atmospheric pressure MOCVD we have obtained high quality InGaN/GaN and
AlGaN/GaN heterostructure materials and devices. For nominally undoped 4 pum thick
GaN films, we obtained 300 K mobilities of 780 cm2/Vs and an unintentional
background impurity level of n3ogK = 61016 cm=3. For InGaN/GaN heterostructures
we have obtained direct band-edge transitions with FWHM as narrow as 7.9 nm (59
meV) for 50A thick Ing.16Gag.g4N guantum wells at 300K, which is the among the
best reported values. The quantum wells display energy shifts towards shorter
wavelength with decreasing well thickness, and the shift agrees with predicted
quantum effects. These materials have been incorporated into InGaN single quantum
well LEDs that emit at 450 nm. In addition AlGaN/GaN heterostructure materials have
been incorporated into HFETs and MODFETs. Gate-drain breakdown voltage well
exceeding 100 V, and extrinsic transconductance gm of up to 140 mS/mm were
realized in the MODFET.

INTRODUCTION

Recently, the Group-lll Nitride based semiconductors have emerged as the
leading material for short wavelength optoelectronic devices operating from the UV to
blue wavelengths. Furthermore, the group lll-nitrides are distinguished by their high
thermal conductivity and physical hardness, making them suitable for high
temperature, high power electronic devices applications. The majority of the InGaN
based p-n junction light emitting diodes (LEDs) are employing impurity related
transition for blue and green emission.'»%,* Recently, direct bandgap emission in the
blue-green spectral region has been obtained using high In content in single quantum
well (SQW) LEDs and lasers*. However, there are few reports on the optimum growth
condition for InGaN which has proven to be difficult to grow due to the high volatility of
indium at normal nitride growth temperatures. Understanding the growth of ultra-thin
InGaN/GaN quantum wells by metal organic chemical vapor deposition (MOCVD) is of
extreme importance in improving the properties of these devices. In this paper we will
discuss aspects of the MOCVD growth of high optical quality InGaN quantum wells
and quantum well LEDs. In addition, we present preliminary results on GaN/AlGaN
HFETSs.
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EXPERIMENTAL

Epitaxial films were grown on c-plane sapphire in a two-flow atmospheric pressure
MOCVD reactor (Thomas Swan, Ltd.). Trimethylgallium (TMGa), trimethylindium
(TMIn) and ammonia were used as precursors. After annealing the substrates at 1050
°C, a 190 A thick GaN nucleation layer was deposited at 600 °C. The temperature was
then raised to 1080 °C to grow GaN of 1.4 to 2.4 um thickness. The growth of InGaN
was investigated in the temperature range between 650 and 850 °C. The 0.1 to 0.2 um
thick InGaN layers were grown on top of the thick GaN layers. The input flows of TMGa
and TMIn were varied from 1 to 13 pmol/min and 1.9 to 24 pmol/min, respectively. The
ammonia flow was kept constant at 0.12 mol/min.

RESULTS

For nominally undoped 4 pm thick GaN films, we obtained 300 K mobilities of 780

em2/Vs (Nypc = 6*1016 cm=3), which is among the highest values reported for this
carrier concentration range. Surface nitridation of the sapphire substrate was found to
highly influence the GaN fiim mobility and double crystal x-ray diffraction linewidth.
Double crystal x-ray rocking curves display a minimum FWHM of 40 arcsec or 300
arcsec for 2 micron thick GaN films depending on the nitridation procedure.
Surprisingly the best mobilities are routinely obtained from the samples with broader
DCXRD linewidths. On these samples dislocation densities as low as 4*10% cm? for
GaN on Sapphire substrates were observed in cross-sectional TEM measurements.
The films are characterized by a band edge to deep level luminescence intensity ratio
of higher than 1300 for photoluminescence measurements (220 mW/cm?) performed at
22 K. Even at excitation levels as low as 2.2 mW/cm?, the 300 K PL is dominated by the
near band edge emission . The FWHM of the (002) x-ray reflection was 180 arcsec. A
relatively low dislocation density was obtained from cross-sectional transmission

electron microscopy analyses and amounted to 4x108 cm?2.

TABLE I. FWHM of symmetric and asymmetric XRD GaN reflections and dislocation
densities for 1.2 um thick films grown on sapphire with different NH, pretreatments

NH, Preflow Symmetric (002) Asymm(102) Dislocations
(FWHM/ arcsec) (FWHM/ arcsec) _{cm-2)
60s 269" 413" 4*10°

400 s 40" 740" 2*10"
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The growth of InGaN has to be performed at temperatures below 850 °C because
of the high volatility of indium at common GaN growth temperatures of above 1000 °C.
But even on InGaN layers grown at temperatures below 800 °C, In droplet formation
was observed.® Fig. 1a shows the 300 K PL spectra of three InGaN films of varying
composition. Sample (a) was deposited at 800 °C with a TMGa and TMin flow of 3.8
and 10 umol/min, respectively. Sample (b) was grown at 760 °C with a TMGa and
TMin flow of 3.8 and 7.2 umo!/min, respectively, and sample (c) at 700 °C with a TMGa
flow of 1.9 umol/min and TMIn flow of 4.8 umol/min. The InGaN films were Si doped
with a Si,H, flow of 0.7 nmol/min. The spectra are dominated by the recombination of
the donor bound excitons. No luminescence related to deep levels was apparent, up
to a wavelength of 800 nm. The luminescence intensity decreases slightly with
decreasing growth temperature and increasing indium content of the layers. The
emission wavelength increased from 375 nm (a) to 389 and 419 nm for samples (b)
and (c), respectively, corresponding to indium compositions of x°,, = 0.04,
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wavelength / nm
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Fig. 1. (a) 300 K PL spectra of InGaN films grown at (a) 800° C (b) 760°C and (c)
700°C (excitation density 220 mW/cm?). (b) Dependence of the relative indium
segregation coefficient, kjn, on the growth rate determined at different growth

temperatures.
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(@), x5, = 0.09, (b), and x5, = 0.2, (c)” Fig. 1b shows the dependence of the relative
indium incorporation coefficient,

kin = xSIn * frMGa/ (1-xS8In ) * fTMiIn

on the growth rate of InGaN for samples grown at different growth temperatures.
Besides the expected increase of ki with decreasing growth temperature®, we
observe an increase of kjn with increasing growth rate at a given temperature. This -
indicates that the incorporation of indium is limited by the evaporation of indium
species from the surface. The tendency for evaporation decreases at lower
temperatures and/or increasing growth rate, when the indium species become trapped
by the growing layer. In,,,Ga, 4N single quantum wells were embedded in InGaN of
graded composition. First a 250 A thick InGaN:Si layer with an In composition
increasing from 4.5 to 6.5 % In was grown on a 2.4 um thick GaN film by slowly
lowering the growth temperature from 760 to 750 °C. The temperature was then
ramped to 700 °C for the growth of the undoped In,,.Ga,o,N quantum well. After
accomplishing the quantum well growth, the temperature was raised again to 760 °C
and a 10 A thick In,,.Ga, N layer was grown. TMGa and TMIn were injected into the
reactor at a flow rate of 1.9 and 3.7 umol/min, respectively, throughout the whole
InGaN layer growth. The layer structure was accomplished with the deposition of a
0.1 um thick GaN cap at 1050 °C. The bulk layers were analyzed by double crystal x-
ray diffraction using the (002) reflection of GaN and InGaN. Room temperature
photoluminescence (PL) measurements were performed using the 325 nm line of an
He-Cd laser operating at a pump level of 1 mW. The thickness of the QWs was
determined from transmission electron microscopy calibration of 100 A thick InGaN
quantum wells embedded in GaN.

Fig. 2 shows the 300 K PL spectra of four In,,;Ga,,,N SQWs of a thickness
between 17 and 50 A embedded in the graded In,Ga, N barriers. The graded barrier
was chosen since SQWs embedded directly in GaN showed only weak luminescence
under the excitation conditions applied in this study. The reason for this behavior is
presently under investigation. The emission wavelength of 409 nm measured for the
50 and 34 A thick wells is the same as for InGaN bulk layers grown under these
conditions. The peak wavelength shifted towards lower values at a thickness below 30
A. With decreasing thickness, the intensity of the QW luminescence decreased by a
factor of about 4. The loss of intensity with thinner well width results from the increased
penetration of the electron wave function into the barriers, causing a decreased
probability of carrier recombination in the well. Additionally, the influence of
nonradiative carrier recombination due to interface related defects increases. The
FWHM of the QW luminescence increased from 7.9 nm for the 50 A thick well to about
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Fig.2. 300 K PL spectra of Ing.16Gap.g4N Fig. 3. 300 K PL emission wavelength
SQWs of different thickness. and FWHM of the SQWs.

30 nm for the 17 A thick well (Fig. 3). The increase the FWHM of the QW luminescence
with decreasing thickness is thought to originate from interface fluctuations, together
with band filling effects caused by the silicon doping of the barrier material.” The large
effective electron mass in the nitrides together with the graded barriers result in
quantum effects only being observed for a thickness less than 30 A for this QW
composition. In contrast to the results obtained for GaN QWs embedded in AlGaN,!°
we did not observe any remarkable strain induced shifts of the emission wavelength of
the quantum wells. Transmission electron microscope investigations indicated a
relatively high stacking fault density in the InGaN layer, which may be responsible for
the high degree of relaxation of the quantum wells.'!

OPTICAL DEVICES ( InGaN /GaN DH LED)

For the LED structure indium contents exceeding 25% were explored in order to shift
the wavelength into the range of greater eye sensitivity. In the LED structure the first
layer consisted of 1 um undoped GaN deposited by applying a TMGa flow rate of 51
umol/min followed by 3 um silicon doped GaN, grown with a TMGa flow of 13 umol/min
and a Si2Hg flow of 1.2 nmol/min. The growth of the 20 nm thick Ing,27Go.73N active
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layer was performed at 830 °C. A 20 nm Alp 15Gag.gsN cap was grown immediately

after the quantum well. The contact layer consisted of a 0.5 um thick Mg doped p-GaN
cap layer deposited at 1080 °C with TMGa and CpoMg flows of 13 and 1.3 umol/min,

respectively, resulting in a magnesium concentration in the solid of 1*1020 cm-3,
measured by secondary ion mass spectroscopy (SIMS). After the growth , the
samples were annealed in nitrogen at 730 °C for 15 min. The LED process was
accomplished by evaporating a 10 nm Ni/ 10 nm Au current spreading layer, and a p-
type contact consisting of 20 nm Ni /200 nm Au. After chlorine reactive ion etching
(RIE) of the mesa, 200 nm Al was evaporated as n-contact metal. Figure 4 shows the
electroluminescence spectra of the LED at forward currents of 10, 20 and 100 mA.
The peak electroluminescence (EL) wavelength shifts from green to blue at increasing
forward currents. We believe the low current spectra is caused by deep levels in our
high indium containing ternary alloys and can be further improved by optimizing
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Fig. 4 Electroluminescence of GaN/InGaN double
heterostructure LED for different forward currents.

growth conditions. At higher forward currents, the spectrum is dominated by band-
edge related luminescence around 450 nm. The current - voltage (I - V) characteristics

of the DH LED exhibits a forward voltage of 3.6V at 20 mA. A series resistance of 55 Q
was measured for these diodes.
ELECTRONIC DEVICES (HFETS AND MODFETS)

Owing to its large bandgap, high electron saturation velocity and large conduction
band offset, the GaN/AlxGaq{-xN system is particularly attractive for high power HEMT
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devices. Early 0.25 um gate-length HFETs!? showed promise (ft ~ 20 GHz, fmax ~ 77
GHz). Performance was limited by the low transconductance (gm ~ 28 mS/mm)
resulted from low sheet charge density and poor ohmic contact resistance. Aktas et
al.'* demonstrated MODFETs with an improved gm of 120 mS/mm. We have further
improved on these earlier studies and achieved GaN HFETs and MODFETs with a
gate to drain diode breakdown voltage well in excess of 100 V, transconductances as
high as 140 mS/mm, and a full channel current > 300 mA/mm. The transistor channels
were grown on the c-plane sapphire substrate with Channel thickness of 0.4 um for
the HFETs and 0.3 pm for the MODFETSs. They are both unintentionally doped with a

background electron concentration around 4x1016 cm™. Gate barrier of the HFETSs
was an undoped 300 A Alp.15Gag.gs5N layer. It was modulation-doped for the

MODFETs with a 30 A spacer, a 150 A doped layer (Ng ~ 3X1018 cm™) and a 120 A
undoped cap. Mesa isolation was done with Cl2 RIE. Source and drain ohmic scheme
was Ti/Al annealed at 650 C° , while gate metalisation was E-beam evaporated Au.
Gate lengths were 1.5 mm and 1 mm for the HFETs and the MODFETSs respectively.
On wafer TLM pattern measurement yielded a contact resistance of 2.5 W-mm for the
HFETs and 3.0 W-mm for the MODFETSs.

The GaN/AlGaN MODFET exhibited the highest external transconductances of
approximately 140 mS/mm as shown in figure 5. Gate to drain diode |-V
characteristics of a representative MODFET with gate-drain separation of 2 mm
showed a turn-on at 1.6 V while the reverse breakdown is beyond the limit of the HP
4145B Semiconductor Parameter Analyzer, with a leakage current density of 0.6

pA/mm2 at -100 V. Large voltage |-V characteristics of the same MODFET was
recorded up to Vds = 60 V. With its full channel current of > 300 mA/mm, a RMS class

I
ff— 333mA/mm ———

Vgs start: +1.5 V,
step: 0.5V

i 0.0151 e~ 120 mS/mm
¥
0.010]
0.005]
0.000: .
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Figure 5. GaN/Alp.15Gagp gsN MODFET exhibiting high extrinsic transconductance
and a high >300mA/mm channel conductance.
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A amplifier power output over 2 W/mm is possible. |-V characteristics of another
MODFET with 150 mA/mm channel current was obtained with channel voltage up to
100 V without inducing damage. The maximum on-stage voltage is thermally limited.
The HFETs demonstrated similar high voltage capability and channel current density
as the MODFETSs with a lower knee voltage as the result of the lower ohmic contact
resistance. Initial microwave measurement indicated ft ~ 5 GHz and fmax ~ 11 GHz at
Vds = 20 V for both the 1.5 um gate-length HFETs and the 1 um gate-length

MODFETs, lower than expected. The reason is currently under investigation.

CONCLUSIONS

In conclusion, narrow and bright band edge related luminescence was observed
for InGaN SQWs grown at 700 °C. The quantum wells display energy shifts towards
shorter wavelength with decreasing well thickness. The increase in the emission
energy was accompanied by an increase in the full width at half maximum and a
decrease in the intensity of the QW Iluminescence. The FWHM of the QW
luminescence of the 50 A thick well was as narrow as 7.9 nm (59 meV). InGaN/GaN
double heterostructure LEDs showed blue luminescence visible in bright room light.
In addition, we have successfully fabricated GaN HFETs and MODFETSs with very high
breakdown voltage and large transconductance. In particular, a gate-drain breakdown
voltage well exceeding 100 V, gm up to 120 mS/mm, channel current density > 300

mA/mm were realized in the same MODFET.
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ABSTRACT

The properties and characteristics of vacuum microtriodes based on NEA diamond sur-
faces were modelled. Specifically, an NEA diamond vacuum microtriode array was investi-
gated using electrical measurements, electron optics software, and microwave circuit simula-
tion. Data for emission current versus applied voltage for various anode-to-cathode distances
for diamond NEA surfaces was analyzed and various parameters were extracted. Electron
optics software was used to determine Fowler-Nordheim and space-charge-limited DC -V
characteristics for each microtriode. Microwave circuit simulation was done to determine the
behavior of arrays of these vacuum microtriodes in an RF amplifier circuit.

INTRODUCTION

In this work, a set of simulations are presented for diamond NEA emission vacuum
microelectronic devices, in which electrons are emitted from a diamond cathode into vacuum
and are collected at an anode spaced a few micrometers away. Unlike traditional thermionic
vacuum tubes, which require a heated cathode in order to obtain significant current densities,
these cathodes would be fabricated by growing a thin film of polycrystalline diamond on
silicon and then using appropriate surface treatments to obtain a cold cathode with a negative
electron affinity (NEA) surface. Much work has been previously reported concerning current
emission from diamond surfaces [1, 2, 3, 4, 5.

Vacuum microtriode structures have been investigated utilizing a molybdenum or silicon
cathode shaped in the form of a conic tip. Measurements have been reported for arrays
of these types of structures [6, 7, 8]. In the simulations done in this work, the difficulties
involved in fabricating these tips is avoided by assuming that the emitting cathode surfaces
are flat. The usefulness of these types of flat-emitter vacuum microtriodes in high-frequency
RF circuits was recognized by Eastman [9].

We simulated the DC I-V characteristics of the vacuum microtriodes using EGN2, a
commercially available electron optics simulation program [10]. First, a set of simulations
were done using parameters extracted from recent diamond NEA emission data. It is hoped
that, eventually, for NEA diamond surface emission, space-charge-limited current (SCLC)
will be obtained (i.e., the electric field at the cathode surface will drop from a large value
to approximately zero). In order for the microtriodes examined in this work to operate
in the SCLC regime, emitted current denisities must exceed 100 A/cm? To investigate
the usefulness of these microtriodes for microwave circuits, simulations for these structures
assuming SCLC were performed.

From the SCLC results, a large-signal circuit model for a 1 x 1 mm? array of each
microtriode was developed. This model was implemented in Microwave Harmonica, a com-
mercially available microwave circuit simulation program [11]. The circuit simulator was
used to predict the performance for each microtriode array in a microwave amplifier cir-
cuit. The results of these simulations indicate that diamond NEA vacuum microtriodes are
promising devices for high-power, high-frequency microwave circuits.
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METHODS
Diamond NEA Emission Data

Typical diamond NEA emission data was taken from our research group and used as a basis
for Fowler-Nordheim (F-N) emission simulations. This data indicates that diamond surfaces
for which the presence of NEA has been confirmed by photoemission measurements show a
F-N dependence of current with anode voltage and cathode-to-anode spacing. That is, the

emitted current has the form
2 _ 3/2
I=k < ) exp (*65;3;?5 ) 1)

where V, is the anode voltage (V), d is the anode-to-cathode spacing (um), ¢ is the barrier
height of the NEA surface geV , B is the field-enhancement factor, and k is a data-fitting
parameter {with units of uA - um?/V?).

Specifically, the data used in these simulations was originally reported by Bozeman, et
al [12]. This data was obtained from a 3.2-pum-thick chemical vapor deposited (CVD) dia-
mond film grown on silicon. This film had a 1.1 x 10'® ¢cm™~2 boron concentration {confirmed
by SIMS measurements), a (110) texture surface morphology, and a Raman FWHM of 9.4
cm™!. The current was measured by placing a 2-mm-diameter cylindrical platinum anode
with a flat end near the diamond film surface (2.6 to 19.8 pm).

Analysis of the data indicated that this film exhibited a threshold electric field of 2842
V/pm, ie., 0.1 gA of current were obtained when 2842 V/um appeared at the sample
surface. With the assumption that § =1 (the surface is perfectly flat, so no field enhancement
has taken place), it was found that a reasonably good fit to the data could be obtained using
¢ = 0.1640.04 eV and k = 387.1 uA - pm?%/V2. These values of ¢, B, and k were used in the
subsequent F-N DC I-V simulations.

BVa
d

Device Geometries

A vacuum microtriode structure originally proposed by Eastman [9] is shown in Fig. 1.
Electrons are emitted into vacuum by a cathode, pass by 0.3 x 0.3 um? metal grid electrodes

Anode

Anode

|1.() pm

meta)
— 4

Cathode (NEA diamond emitting regions)

metal

electron
trajectories

diclectric |-

Grid Electrodes

metal
Grid  pw—
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Figure 1: Vacuum microtriode structure Figure 2: Vacuum microtriode structure
proposed by Eastman [9]. proposed by our group.

(which are spaced 0.3 pm apart and sit on 0.15 x 0.3 pm? SiO, supports), and proceed on
an additional 1.0 pgm to an anode.

The electrode geometry of a vacuum microtriode of our own design is shown in Fig. 2.
In this structure, electrons are emitted from 0.5-pym-wide flat NEA diamond surfaces, pass
by 0.5 x 0.1 pm grid electrodes (which are spaced 0.5 um apart and sit on 0.5 x 0.45 pm?
Si0, supports), and proceed an additional 2.5 ym to the anode (supported by 0.5 x 2.45

pm? SiO, supports).
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F-N-Type Emission DC I-V Simulations

DC I-V simulations were done for the two microtriode geometries using the EGN2 electron
optics simulator [10]. The NEA emission data described above was implemented using the
derived parameters §,¢, and k to calculate F-N current emission. To maximize the F-N
current flowing from cathode to anode, the voltage on the anode should be as large as
possible. However, there is a limit to the electric field that can exist in the device; dielectric
breakdown and other detrimental effects can occur. For this reason, the maximum electric
field allowed in the F-N current simulations was 100 V/um. This means that no more than
+30 V can be applied to the grid electrodes in the Eastman device, and no more than £45
V can be applied to the grid electrodes in our proposed structure, when the cathode is
grounded.

An example of a F-N emission simulation for the Eastman device is shown in Fig. 3.
Note that these device structures can be analyzed in half-space due to their symmetry, and
this improves computational efficiency. The Eastman device was biased with 30 V on the
control grid and 130 V on the anode. For a 1 x 1 mm? array of triodes, this resulted in
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Figure 3: Fowler-Nordheim current emission Figure 4: Space-charge-limited current
simulation for Eastman structure. simulation for our proposed structure.

a DC anode current of 1.34 mA and a DC grid current of 0.676 mA. Thus, the DC power
dissipation at the anode is 0.174 W and the dissipation at the grid is 20.3 mW. At this bias
point, simulation of anode current modulation by grid voltage indicated a transconductance
(gm) of 0.242 mS and an anode resistance (r,) of 137 kQ.

For our proposed structure, the microtriode was biased with 45 V on the control grid and
290 V on the anode. For a 1 x 1 mm? array, the DC anode current was 5.48 mA and the
DC grid current was 0.514 mA. Thus, the DC power dissipation at the anode is 1.59 W and
the disspation at the grid is 23.1 mW. At this bias point, simulation of current modulation
indicated a gy, of 0.658 mS and an r, of 78.1 k(2.

SCLC DC I-V Simulations

In the SCLC regime, the vacuum microtriode anode current is given by [13]

In = K(Va + pVe)*? 2

where K is the perveance (A/V®?) and p (= 7, X gn) is the amplification factor. We
approximated the grid current by way of the expression

I = FKp**(Va + uVa)*/? ®3)

where F is determined by device simulations.

For a1 x 1 mm? array of the Eastman device, simulations yielded an amplification factor
(1) of 171, a perveance (K) of 1.75 mA/V3/2, and a grid current constant (F) of 3.09 x 10~%.
An example of a SCLC simulation for our proposed structure is shown in Fig. 4. For a 1 x
1 mm? array, simulations yielded a p of 56.4, a K of 9.90 mA/V3/2, and an F of 2.75 x 10~*.
These simulations lead to an anode current vs. anode voltage and grid voltage characteristics
for arrays of the Eastman device and our proposed structure as shown in Figures 5 and 6,
respectively.
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for Eastman structure array. an array of our proposed structure.

Microwave Circuit Simulations

Microwave circuit simulations were performed using Microwave Harmonica, a commer-
cially available software package. This program is capable of both linear and nonlinear circuit
analysis by way of harmonic balance calculations.

To perform an accurate nonlinear simulation of each microtriode array, a large-signal
model was developed, as shown in Fig. 7. This large-signal model contains two current
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Figure 7: Large-signal model for vacuum Figure 8: Common-cathode amplifier used
~ microtriodes. in microwave circuit simulations.
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sources, one corresponding to anode current, with current given by equation (2), and one
corresponding to control grid current, with current given by equation (3). The three inter-
electrode capacitances, Cgc, Cga, and C,., were estimated and included.

For an array of the Eastman device, the estimated interelectrode capacitance values were
Cge = 39.8 pF, Cga = 6.6 pF, and C,. = 2.8 pF. For an array of our proposed structure, the
estimated interelectrode capacitance values were Cy. = 38.4 pF, C,, = 7.0 pF, and C,c =
1.5 pF.

An array of each type of microtriode was simulated in a common-cathode amplifier circuit,
as shown in Fig. 8, in order to determine each array’s usefulness as an amplifier component
for frequencies rnging from 10 MHz up to 10 GHz. The simulation assumed low-resistance
DC and RF voltage sources and low-resistance array package leads. The load resistance was
set equal to the anode resistance of the array at the quiescent point [14].

For the Eastman array circuit simulation, a load of 70 Q was used. The array was biased
with 19.2 V on the anode and 0.0547 V on the grid. A 0.15-V magnitude RF input signal
was used. As shown in Fig. 9, this array delivered about 1.1 W of power to the load at low
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Figure 9: Eastman array output power Figure 10: Output power for our proposed
vs. frequency with a 70-Q load. array vs. frequency with a 24-Q load.

frequency and about 0.2 W of power at 1 GHz.

For our proposed device array circuit simulation, a load of 24 £ was used. The array was
biased with 11.0 V on the anode and 0.0345 V on the grid. A 0.23-V magnitude RF input
signal was used. As shown in Fig. 10, the array delivered about 1.1 W of power to the load
at low frequency and about 0.8 W of power at 1 GHz.

RESULTS AND DISCUSSION

The results obtained for the F-N emission simulations in this work show what type of
vacuum microtriode device performance could be expected using typical NEA diamond cold
cathodes as they exist today. Obviously, these devices require large anode voltages (130 to
290 Vg and suffer from small anode currents (1 to 6 mA), small transconductances (0.2 to
0.7 mS) and large grid leakage currents (0.5 to 0.7 mA). Obviously, these are not practical
devices for high-power, high-frequency microwave applications.

When the SCLC DC I-V characteristics for the Eastman device and our proposed struc-
ture are compared, it is seen that although Eastman’s structure has an amplification factor
three times as high (i.e., the grid voltage exerts more control over the grid current), the per-
veance for our structure is more than five times higher. It should be noted that some of the
electron trajectories in the simulations of our proposed device entered and passed through
the dielectric layers, indicating that dielectric charging of the SiO; surface may need to be
taken into account in future simulations.

The microwave circuit simulations reveal that both microtriode geometries suffer from the
Miller effect. That is, the capacitance between the grid and the anode is a feedback capacitor,
and circuit analysis for these triodes shows that the total capacitance which appears at the
grid input is the sum of the grid-to-cathode capacitance plus the grid-to-anode capacitance
times the voltage gain of the array [15]. This phenomenon severely reduces gain at higher
frequencies. To overcome this problem, a screen grid electrode could be included in the device
design, inserted between the control grid and the anode. This would essentially eliminate
the control-grid-to-anode capacitance and increase the output power at higher frequencies.

This work has shown the feasibility of using NEA diamond vacuum microtriodes for
microwave circuits, but the device geometry and circuit design presented are not optimized
for any particular application. Additional work needs to be done to determine optimal
designs for these vacuum microtriodes and circuits containing them for particular microwave
circuit applications, such as cellular phone or radar subsystems.
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CONCLUSIONS

In this work, typical diamond NEA emission data was used to predict the performance
of two different vacuum microtriode arrays. It was concluded that with currently attainable
current emission densities, useful devices for high-power and high-frequency RF circuits are
not attainable. Simulations were then done for the vacuum microtriode structures assuming
that emission from the NEA diamond surface would allow the devices to operate in the
space-charge-limited regime. These device and circuit simulations indicate that these vacuum
microtriode structures operating in the SCLC regime have potential for use in high-power
and high-frequency microwave circuits.
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ABSTRACT

This paper describes the design and fabrication of a carbon based thin film transistor (TFT).
The active layer is formed from a novel form of amorphous carbon (a-C) known as tetrahedrally
bonded amorphous carbon (ta-C) which can be deposited at room temperature using a filtered
cathodic vacuum arc (FCVA) technique. In its 'as grown' condition, ta-C is p-type and the
devices described here, produced using undoped material, exhibit p-channel operation.

INTRODUCTION

The flat panel display market is currently dominated by active matrix addressed liquid crystal
displays (AMLCDs) for which the preferred TFT switching elements are manufactured from
either hydrogenated amorphous silicon (a-Si:H) or polycrystalline silicon (poly-Si). However, the
temperatures required to produce these materials make them incompatible with the desire to use
low cost plastic substrates. Further, a-Si:H devices continue to suffer from gate bias induced
instabilities thought to be associated with hydrogen motion [1] and the production of poly-Si
films, uniformly over large areas, remains problematical.

Our solution is to investigate the potential of diamond-like carbon (DLC) as an alternative
material for the active layer in the LCD pixel switches. Although a number of carbon-based
TFTs have previously been demonstrated they have either been produced from high temperature
(> 800°C) CVD diamond [2] or have used more diverse forms of carbon, such as polymeric p-
phenelyne vinylene (PPV) [3] or carbon Ceg [4], for which encapsulation is required to ensure
satisfactory operation.

- DLC is an amorphous form of carbon which contains a large fraction of sp3 bonding. There
are two basic types of DLC, hydrogenated and unhydrogenated. Hydrogenated amorphous
carbon (a-C:H) 1s usually prepared by the plasma-enhanced CVD (PECVD) technique and its
properties can be varied by altering the dc 'self bias' on the electrode supporting the substrate. A
more novel type of unhydrogenated a-C can be produced using a FCVA technique. This material
can be deposited at room temperature and, when deposited at an ion energy of 100 eV, has a
bandgap of approximately 2.5 eV, contains negligible hydrogen (< 0.5 at %) and is up to 85%
sp3 bonded [5]. As grown the material is p-type with a conductivity activation energy of
approximately 0.35 eV. N-type doping can be achieved by the addition of nitrogen to the reaction
vessel during film deposition [6].

This paper will describe the design, manufacture and performance of TFTs made using
undoped ta-C as the active layer. Some investigation of the mechanisms responsible for the
observed FET operation is described.

EXPERIMENT
Device Design

It has been shown by Davis et al [7] that, although bulk ta-C films have a high sp3 content,
there is always a surface layer, rich in sp? bonding, present. This is illustrated in Figure 1 which
shows a bright field TEM image of a ta-C film. The film was grown in two stages between which
it was exposed to the atmosphere for a period of 10 minutes. The silicon substrate is shown on
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the extreme left of the picture and five distinct layers can be identified by Fresnel contrast. The
lighter regions marked A, C and E correspond to regions of lower density which, using
nanometre spatial resolution techniques, have been shown to be sp2 rich [7]. The graphitic layer
at the top surface is of the order of 1 - 2 nm and 3 - 5 nm at the bottom interface with the
substrate. Such layers will lead to the pinning of the Fermi Level and prevent transistor action.
The device structure and the fabrication process must therefore allow this layer to be removed.

Si A B C D E  5mm
Figure 1. Cross-sectional bright field TEM of a ta-C double layer on silicon [7].

From the several TFT structures available a coplanar type was chosen for the final device.
This configuration has several advantages: the graphitic layer on the top surface is thinner and
the least contaminated; the top layer can be easily accessed to allow etching off of the sp2 layer
and; the subsequent deposition of the gate insulator layer can be effected in the same pump down
sequence thereby minimising the chance of the sp2 layer reforming and reducing potential
contamination problems at this critical interface.

Device Fabrication

A lift -off process was used to pattern a 50 nm thick layer of undoped ta-C into 1.2 x 0.6 mm
islands on a Corning 7059 glass substrate. Aluminium was then deposited by thermal
evaporation and patterned to define the source and drain contacts. The graphitic layer on the top
surface of the ta-C islands was then etched away in an N,O plasma and a 400 nm layer of
PECVD silicon nitride was then immediately deposited to form the TFT gate insulator. An
aluminium top gate contact completed the process. A detailed description of the device
fabrication is given in [8] and a layout of the completed planar structure is shown in Figure 2.
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Figure 2. Layout of the coplanar ta-C TFT Structure
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Results

A typical transfer characteristic for a device produced using undoped ta-C as the active layer
is shown in Figure 3. This device operates in the p-channel mode. As the bias on the gate is
ramped from + 100 V to - 100 V the drain current increases by 1 to 2 orders. For all devices
tested the gate leakage is less than a few picoamps.
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Figure 3. Transfer Characteristic for p-channel ta-C TFT

Figure 4 shows a series of drain characteristics for the same device. The drain current is
clearly modulated by the applied gate voltage. However, no saturation in the drain characteristics
has been observed, even for drain voltages as high as 100 V. The low drain current at low drain
bias may be attributed to the poor chmicity of the aluminium source and drain contacts to ta-C
layer. We are currently investigating other contact materials in order to eliminate this effect.
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Figure 4. Drain Characteristics for a typical p-channel ta-C TFT

41




DISCUSSION

The TFTs operate by accumulation in the p-channel enhancement mode. This is to be
expected as the undoped, 'as grown' ta-C is strongly p-type. The increase in the drain current as
the gate voltage in made increasingly more negative is associated with the field induced
movement of the Fermi level closer to the valence band. Similarly, the reduction in drain current
as the gate bias is ramped positively is consistent with the movement of the Fermi level towards
midgap.

ThiIs) is confirmed by the data presented in Figure 5 which shows the conductivity activation
energy (EA) as a function of applied gate bias. When there is no gate bias applied the measured
activation energy of 0.35 eV is consistent with the p-type nature of undoped ta-C. As the gate
voltage is increased negatively the activation energy decreases. This is in agreement with the
observed rise in the TFT drain current and corresponds to the field induced shifting of the Fermi
level closer to the valence band in the ta-C layer at the ta-C/Silicon nitride interface. As the gate
bias is increased more negatively E o eventually saturates at around 0.26 eV.
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Figure 5. Conductivity Activation Energy versus Gate Voltage.

The slow switching speed and high 'Off' current (when compared to a-Si:H TFTs) can be
attributed to the large density of deep or localised states which are known to exist in a-C films
[9]. Movement of the Fermi level requires these states to be filled or emptied and large gate
fields are therefore required. In addition, hopping conduction in the deep states is responsible for
the high 'Off’ current.

It is suggested that, in undoped ta-C, the Valence band tail is wide (again in comparison to
device quality a-Si:H) and the Fermi level is already situated within the Valence band tail states.
Thus, at fields compatible with the breakdown strength of the silicon nitride gate insulator, only
small shifts in the Fermi level position can be achieved due to the high tail state density. Our
observation of a small saturated shift of 0.09 eV is therefore due to the movement of the Fermi
level deeper into the rapidly increasing valence band tail state density.

The very small field effect mobilities which we measure in these devices, of the order 10-5 to
106 cm2V-15-1 [8], indicate that extended state transport is not the dominant conduction
mechanism. Hopping conduction in the valence band tail states is the most likely mechanism.
The gate field dependence of the hopping current can be attributed to the movement of the Fermi
level closer to the valence band where the defect density is higher.

Further comparison with the a-Si:H system suggests that improvements in TFT 'On’ state
performance may be obtained by operating the device in n-channel mode. The field effect
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mobility of electrons in a-Si:H is higher and the conduction band tail is sharper both of which are
responsible for a the superior performance of n-channel a-Si:H TFTs. A significant reduction in
the deep state density of the ta-C films will be required to improve the 'Off' state performance of
the ta-C devices.

CONCLUSIONS

Low temperature, glass compatible, amorphous carbon based TETs, operating in the p-channel
enhancement mode, have been produced. Gate control of the drain current has been observed.
The measured hole mobility is too low for practical applications. Future work will concentrate on
optimisation of the material in order to steepen the valence band tail and reduce the deep state
density. Efforts are also continuing to produce n-channel devices from nitrogen doped ta-C
layers. It is hoped that the electron mobility and the shape of the conduction band tail will be
more conducive to high performance ta-C TFT operation.
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ABSTRACT

In this paper, we present the first calculations of the electron and hole initiated interband
impact ionization rate in zinc blende phase GaN as a function of the applied electric field
strength. The calculations are performed using an ensemble Monte Carlo simulator including
the full details of the conduction and valence bands along with a numerically determined,
wave-vector dependent interband ionization transition rate determined from an empirical
pseudopotential calculation. The first four conduction bands and first three valence bands,
which fully comprise the energy range of interest for device simulation, are included in the
analysis. It is found that the electron and hole ionization rates are comparable over the full
range of applied electric field strengths examined. Based on these calculations an avalanche
photodiode, APD, made from bulk zinc blende GaN then would exhibit poor noise and
bandwidth performance. It should be noted however, that the accuracy of the band structure
employed and the scattering rates is presently unknown since little experimental information is
available for comparison. Therefore, due to these uncertainties, it is difficult to unequivocally
conclude that the jonization rates are comparable.

INTRODUCTION

The III-Nitride materials are presently attracting great interest for numerous device
applications owing to their relatively large band gap energies [1]. The energy gap of these
materials can be spectrally matched for blue and ultraviolet emission and detection [2].
Additionally, the large band gap of the III-Nitrides, particularly GaN, offers the potential for
ultra-high temperature and radiation hard electronics. In many of these device applications,
particularly short channel field effect devices and avalanche photodiode, APD, detectors, high
electric fields exist which can lead to carrier multiplication through impact ionization. In short
channel devices it is often important to avoid carrier multiplication while in APD devices
multiplication provides gain which can be exploited for low light level detection. In any case, it
is important to know at what electric field strengths impact ionization will occur and to know
more about the nature of the ionization breakdown, i.e., whether the carrier ionization rates are
comparable, etc. Knowledge of the ionization rates ratio enables the determination of the noise
and bandwidth properties of an APD, which in turn dictate its usefulness in most detector
applications [3,4].

Spectral matching to blue and ultraviolet wavelengths coupled with the high quantum
efficiency of most of the III-Nitride materials makes them attractive candidates for new, solid
state detectors. To date, GaN based detectors have been made [5-7]. Photoconductive UV
sensors made on insulating GaN [5,6] as well as p-n junction detectors have been demonstrated
[7]. However, there is no information presently available about GaN based detectors utilizing
impact ionization such as APDs. As is well known, optimal performance of an APD, as
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measured in terms of low noise and high bandwidth operation, occurs under single carrier
ionization conditions [4]. Though few materials are known to exhibit single carrier-type
ionization, satisfactory noise performance can still be attained provided the ionization rate of
the secondary carrier species is very much less, by more than an order of magnitude, than the
primary carrier species ionization rate.

It is the purpose of this paper to present the first determination of the electron and hole
ionization rates in bulk zinc blende phase GaN. The rates are determined theoretically using an
ensemble Monte Carlo calculation. The Monte Carlo simulators for the electrons and holes
contain the full details of the conduction and valence bands covering the full energy range of
interest. Results are presented for the electron and hole ionization rates, average carrier energy
and originating band as a function of applied electric field strength.

MODEL DESCRIPTION

The calculations are performed using ensemble Monte Carlo simulators for electron and
hole transport which include the full details of the first four conduction and first three valence
bands respectively. These bands cover the full energy range of interest. The band structure is
obtained from an empirical pseudopotential calculation [8] using an expansion set of 113
reciprocal lattice vectors. All of the relevant phonon scattering mechanisms, as well as ionized
impurity scattering are included into the simulators. The parameters used to determine the
electron scattering rates, i.e., phonon energies, dielectric constants, deformation potential
constants, etc. have been reported in reference [8]. In the hole simulator, owing to the very
anisotropic nature of the valence bands, the phonon scattering rates are all calculated
numerically by integrating over the actual pseudopotential band structure and incorporated into
the simulations following the approach of Hinckley and Singh [9]. In both the electron and
hole simulators, the high energy phonon scattering rates are assumed to be dominated by
deformation potential scattering. In this regime, the phonon scattering rate is calculated through
use of a time dependent perturbation theory expansion by integrating the transition rate over the
final, numerically determined, density of states including collision broadening effects [10].

The wavevector dependent interband impact jonization transition rate is calculated
numerically using the empirical pseudopotential band structure. The transition rate is
determined by integrating Fermi’s golden rule for a two-body, screened Coulomb interaction
over the possible final states using a numerically generated wavevector dependent dielectric
function [11] and pseudowavefunctions. The usual first order umklapp processes as well as
those processes arising from the pseudowavefunction expansion as described by Sano and
Yoshii [12] are included in the evaluation of the direct and exchange terms which comprise the
full matrix element for the transition. The wavefunctions are determined throughout the entire
Brillouin zone using the transformation properties of the irreducible wedge for the zinc blende
symmetry [12]. Free carrier screening is also added, and for simplicity, is treated in the Debye
approximation with a carrier concentration of 107 cm™ at 300 K. The integration is performed
using the Monte Carlo method by sampling over several million final states. The wavevector
dependent transition rate for both the electrons and holes is calculated for 1419 initial states
which is then incorporated into the Monte Carlo simulators.

For simplicity, the bands are labeled in the present simulators using a basic ordering
scheme. The lowest energy points are assigned to the first band, either conduction or valence
bands, which are labeled #1. The next lowest energy points are assigned to band #2, etc.
Though band crossing effects can sometimes be important, for the purposes of identifying the
bands, they are neglected. In the case of zinc blende phase GaN, the number of band crossings
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is relatively small anyway. Nevertheless, we investigated the effect of including band crossings
in the calculations. It was found that the calculated results for the ionization rates do not change
significantly if the band crossing effects are accounted for or not during the course of the
simulation.

RESULTS

As mentioned above, presently there is no available information, either experimental or
theoretical, about the interband impact ionization coefficients in bulk GaN. The calculations
presented here are the first reported estimates of these rates. The calculated electron and hole
impact ionization rates in bulk zinc blende phase GaN as a function of inverse applied electric
field are shown in Figure 1. As can be seen from Figure 1, the rates are nearly the same at the
highest electric field strength, 3.0 MV/cm, and below. Only at the lowest field strength, 1.0
MV/cm, does the hole ionization rate appear to be significantly higher than the electron rate.
Some caution should be exercised however in interpreting the lower field results. At 1.0
MV/cm the ionization counts are too few to provide good statistical estimates. Therefore, there
is a high degree of uncertainty about the level to which the ionization rates differ in this range.
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Figure 1: Calculated electron (squares) and hole (diamonds) impact ionization
coefficients as a function of inverse applied electric field in bulk zinc blende
phase GaN.

The percentage of ionization events originating out of each band for electron initiated
events is plotted in Figure 2 as a function of electric field strength. In zinc blende phase GaN,
the first four conduction bands dominate the carrier transport dynamics. As can be seen from
Figure 2, most of the electron initiated ionization events originate out of the second conduction
band. At higher electric fields the third conduction band begins to contribute significantly to the
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ionization rate. Neither the first nor the fourth conduction bands contribute much to the
ionization rate at the field strengths examined here.
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Figure 2: Percentage of electron initiated impact ionization events arising from each of
the first four conduction bands as a function of applied electric field.

The case for hole initiated ionization is very different. In this case all of the ionization
events originate out of the third valence band. The third valence band contributes nearly 100%
of the ionization events over the full range of applied electric fields. This is due to the fact that
there are no points in the first valence band and very few points in the second valence band
which have a nonzero transition rate. Additionally, at the few points for which the transition
rate does not vanish in the second valence band, the rate is relatively low compared with the
rate from the third valence band. Subsequently, the third valence band dominates the hole
initiated ionization process.

Finally, the quantum yield as a function of applied electric field strength for both
electron and hole initiated impact ionization is plotted in Figure 3. The quantum yield is defined
as the average number of impact ionization events caused by a high energy injected carrier until
its kinetic energy relaxes below the ionization threshold energy through scattering and/or
ionization events. The quantum yield provides an excellent means of determining the relative
"hardness" of the threshold, i.e., the degree to which a carrier will survive to energies much
higher than the ionization threshold energy. As can be seen from Figure 3, the quantum yield
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increases at a substantially greater rate for hole initiated ionization than for electron initiated
ionization. Notice, that the quantum yield reaches 1 for hole initiated ionization at a much lower
energy than for electron initiated ionization indicating a much harder threshold energy in the
valence band. This implies that the electrons survive to much higher energies on average
compared with the holes prior to suffering an impact ionization event. Consequently, the
threshold energy for hole initiated ionization is significantly "harder" than that for electron
initiated ionization in bulk zinc blende phase GaN.

10° ¢
- 10t |
T
e
=
3
B
3 197 |
—o=Flectrons
——Holes
10-3 NTTUTIFEFSITY VENT PUTFITE FWE VL NI SUU Tl I
2 1 2 3 4 5 6 7 8 9 10
Energy (eV)

Fig. 3: Calculated quantum yield for both electrons and holes as a function of energy of
the carriers.

CONCLUSIONS

In this paper, we present the first determination of the electron and hole impact
ionization rates in bulk zinc blende phase GaN. The rates are determined theoretically from
ensemble Monte Carlo simulators. The Monte Carlo calculations include the full details of the
first four conduction and first three valence bands derived from an empirical pseudopotential
calculation. Additionally, the wavevector dependent impact ionization transition rate is
determined using a numerically generated dielectric function [11] and pseudowavefunctions. It
is found that the carrier ionization rates are nearly identical at high electric field strength, ~3
MV/cm, becoming somewhat different at lower field strengths. Though there appears to be a
difference in the electron and hole ionization rates at ~1.0 MV/cm, due to poor statistics, this
difference cannot as yet be considered reliable.
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It is further found that the threshold for hole initiated ionization in bulk zinc blende
phase GaN is significantly "harder" than the corresponding threshold for electron initiated
ionization. As a result, the electrons will survive to higher energies, on average, before
suffering an impact ionization event than the holes.

It should be further noted that the calculations rely to some extent on the knowledge of
several parameters, such as phonon energies, deformation potentials, etc, which are presently
not well known. In addition, we have found that the ionization transition rate is highly sensitive
to the calculated band structure and can vary significantly depending upon the details of the
particular bands used. Presently, the accuracy of our band structure at high energies is unknown
since little experimental data at these energies are available to provide a comparison. Therefore,
due to these uncertainties, it is difficult to unequivocally conclude, based on these calculations
alone, that the electron and hole ionization rates in bulk zinc blende GaN are nearly equal.
Further work, principally experimental, is required to confirm these predictions.
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ABSTRACT

The OBIC (Optical Beam Induced Current) technique is a powerful method to investigate the
electric field distribution of p-n junctions in SiC. In a previous work we found strong indications
for the presence of a high density of negative surface charge in n-type SiC. In order to study
samples of both conductivity types under similar conditions we prepared Schottky contacts on n-
type and p-type 6H-SiC CVD epitaxial layers.

OBIC measurements show an extension of the depletion region of several hundreds of
microns from the edge of the contact on n- and p-type samples, thus interconnecting diodes on an
area up to several mm?. Qur results imply that there is no fixed surface charge but a high density
of both acceptor- and donorlike surface states leading to a dependence of the net surface charge
on the Fermi energy, in which case the sign of the surface charge reverses from negative on n-
type material to positive on p-type 6H-SiC.

INTRODUCTION

Recent progress in the growth of single crystal SiC wafers as well as CVD layers has made it
possible to produce devices with a blocking capability of up to 4.5 kV [1]. The ability of support-
ing high electric fields is limited by the onset of avalanche breakdown, which can occur both
within the interior regions of the device and at the edges. The resulting high electric surface
fields in SiC power devices are one of the major problems to be solved to further improve device
performance. A careful design of the edge termination of power devices is necessary to raise the
breakdown voltage to the upper bound provided by the analysis of the semi-infinite junction.

Another factor that comes into play is the passivation of the surface of discrete power devices
which is in fact closely related to the problem of edge termination. The passivation induced sur-
face charges strongly influence the electric field in the device regions lying close to the surface
and a proper choice of the passivant can lower the surface electric field considerably. The higher
surface fields of SiC power devices make surface passivation even more critical in comparison to
Si power devices.

A previous study [2] on SiC p*-n mesa diodes showed that the experimental breakdown volt-
age exceeded the value expected from numerical studies regardless of the specific edge termina-
tion design (mesa diodes with and without multiple floating field rings). OBIC measurements
revealed a substantial expansion of the depletion layer to a value ten times as large as that pro-
vided by the numerical analysis, thus decreasing the surface electric field and in consequence
increasing the maximum achievable breakdown voltage. These results implied the presence of a
negative surface charge with a concentration of > 3x10'? cm™. Surface charge variations will
result in irregularly shaped depletion layers which itself will cause premature breakdown. Locally
reduced surface charge concentrations may result in increased electric surface fields in this spot.
On the opposite high surface charge concentrations may lead to the incorporation of remote
defects like pinholes in the active device area due to an increased depletion width. The origin of
the surface charge is still unknown and it is not yet possible to control its precise concentration.
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Therefore an optimized junction termination design including the effect of this charge is not
possible to date and the efforts should be directed towards removing the charge.

In this study we further investigated the questions that originated from those findings about
origin and character of the surface charge by studying Schottky diodes on n- and p-type 6H-SiC
with respect to conductivity type, doping concentration and surface processing. The use of
Schottky contacts instead of p-n mesa diodes simplified the processing since no RIE process and
no oxide formation were involved. Furthermore it was then possible to study the as-grown SiC
surface.

EXPERIMENT

The samples used in this work were CVD grown p- and n-type epilayers with thickness
ranging from 10 pm to 30 um grown on the Si-face of 3.5° off-oriented 6H-SiC substrates from
Cree. The doping levels of the epilayers were in the range of 2x10" ecm™ to 1x10" cm™. On top
of the epilayers Schottky barrier contacts were formed by electron beam evaporation of Al on n-
type SiC and Ti on p-type SiC, respectively. The contacts had a diameter of 200 pm and were
arranged in an array with a spacing of 300 um. For the large area backside ohmic contact we used
Al In order to study the influence of surface processing on the depletion layer width several
samples were etched using a standard RIE process (CF4/Hy/Ar plasma) to remove approximately
1 um of the CVD layer prior to the formation of Schottky contacts.

A mapping of the depletion layer was accomplished by measuring the spatial variation of the
photocurrent in the device. The principle configuration for this technique is illustrated in Fig. 1.
In order to generate electron-hole pairs we used monochromatic light from a 100 W mercury arc
lamp in combination with interference filters (bandwidth 5 nm) for the UV mercury lines. An
aperture was homogeneously illuminated and reimaged onto the sample surface using a micro-
scope with a long working distance objective. For 3.4 ¢V photons the penetration depth (1/o,
with the absorption coefficient o) in 6H-SiC is about 14 pm [3]. The spotsize was approximately
15 pm. In order to separate the photocurrent from the dark current and for increased sensitivity
the light beam was mechanically chopped (f = 70 Hz) and a lock-in technique was used. A more
detailed description of the set-up can be found in [4].

Within the space charge region the charge carriers are separated by the electric field before
they can recombine. At low injection levels and for doping levels much larger than the intrinsic
carrier concentration the photocurrent outside the space charge region will decrease roughly
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exponentially according to the minority carrier
diffusion length. Thus the OBIC images can be
directly related to the expansion of the depletion
layer at the surface of the device.

RESULTS

The OBIC mapping for a low N-doped n-type
sample (doping concentration 2x10™ cm™) is
shown in Fig. 2 in grayscale encoding, where white
color represents the maximum photocurrent and
black the minimum photocurrent, respectively.
Superimposed is a drawing of the contact array.
The depletion layer of the device under test ex-
tends over the whole area that was investigated
without a significant decrease in the signal except
for the area under the opaque metal contacts. This
has a large impact on the result of any electrical
measurements since the actual device area is much
larger than the area covered by the metallisation.

Fig.2 OBIC image of the depletion region of
a reverse biased Schottky contact on n-type
6H-SiC (Np = 2x10" cm™, irradiation wave-
length 365 nm, reverse blas 3V)

Furthermore the OBIC image indicates that all diodes are interconnected and it is not possible to
single out a specific diode for electrical characterization. This result implies that the presence of
a negative surface charge is not distinctive for mesa diodes where process steps as RIE and oxi-
dation are involved, but is also present at the as-grown surface.

Fig. 3 illustrates the influence of doping concentration on the extension of the space charge
region. A magnified section of the OBIC image of Fig. 2 is compared to an image of a higher
doped sample (doping concentration 1x10'® cm). In the latter case the space charge region
extends only 220 pm from the contact edge with a well defined perimeter. Nevertheless this

Fig. 3 Dependence of the depletion layer width on the doping concentration (irradiation wave-

length 365 nm, reverse bias 3 V).
a) doping concentration 2x10' cm
b) doping concentration 1x10'® cm™
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value is still more than ten times larger 100 K
than expected from theory. A brief esti- 80 -
mate of the 