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Abstract

GaN based modulation doped field effect transistors (MODFETs) and ultraviolet detectors are critically reviewed.
AlGaN/GaN MODFETs with CW power levels of about 6 W (in devices with 1 mm gate periphery) and a minimum
noise figure of 0.85 dB with an associated gain of 11 dB have been obtained at 10 GHz. As a precursor to solar-blind
detectors that will be operative around 280 nm, where the solar radiation is absorbed by the ozone layer surrounding
the earth, detector arrays with pixel sizes of 32 x 32 operative near the solar-blind region have been achieved. One does
not have to rely on imagination to predict that devices with much improved performance will continue to be
developed. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Semiconductor nitrides such as aluminum nitride
(AIN), gallium nitride (GaN), and indium nitride (InN)
are very promising materials for their potential use in
optoelectronic devices (both emitters and detectors), and
high-power/temperature electronic devices as have been

treated in length and reviewed recently [1-7]. These
materials and their ternary and quaternary alloys cover
an energy band gap range of 1.9-6.2 eV, suitable for
band-to-band light generation with colors ranging from
red (potentially) to ultraviolet (UV) wavelengths. Spe-
cifically, nitrides are suitable for such applications as
surface acoustic wave devices [8], UV detectors [9,10],
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Bragg reflectors [11], waveguides, UV and visible light
emitting diodes (LEDs) [12-14], and laser diodes [15]
for digital data read-write applications. During the
last several decades, lasers and LEDs have expanded
remarkably both in terms of the range of emission
wavelengths available and brightness. The nitride semi-
conductor-based LEDs have proven to be reliable in
such applications as displays, lighting, indicator lights,
advertisement, and traffic signs/signals. Additional pos-
sible applications include use in agriculture as light
sources for accelerated photosynthesis, and in health
care for diagnosis and treatment. Lasers, as coherent
sources, are crucial for high-density optical read
and write technologies. Because the diffraction-limited
optical storage density increases approximately quad-
ratically (the best case scenario) as the probe laser
wavelength is reduced, nitride-based coherent sources at
wavelengths down to UV are attracting a good deal of
attention. Optical storage would enable the storage and
retrieval of inordinate number of images and vast
quantities of text with untold efficiency. Other equally
attractive applications envisioned include printing and
surgery.

When used as UV sensors in jet engines, automobiles,
and furnaces (boilers), the devices would allow optimal
fuel efficiency and control of effluents for a cleaner en-
vironment. Moreover, UV sensors that operate in the
solar blind region (260-290 nm) would have high de-
tectivity because the ozone layer absorbs solar radiation
at those wavelengths, thus virtually eliminating the ra-
diation noise. Consequently, these detectors are ex-
pected to play a pivotal role in threat recognition aimed
against aircraft and other vehicles [9,10,16]. GaN photo-
diodes [17] exhibited zero-bias responsivities of about
0.21 A/W at 356 nm that decreased by more than three
orders of magnitude for wavelengths longer than 390
nm. The noise equivalent power (NEP) at a reverse bias
of 10 V is (f > 100 Hz) 6.6 x 10~ W/Hz'/?> which is
extremely small [18]. Detector speed affected in terms of
uniformity by the sheet resistance of the p-layer, which
suffers from the notoriously low doping levels, is in the
picosecond range [19]. Finally, the GaN-based detectors
with AIN mole fractions approaching the solar blind
region of the spectrum have been fabricated into arrays
for imaging. Detector arrays with pixel sizes of 32 x 32
have been fabricated and tested already [18,20].

GaN’s large band gap, large dielectric breakdown
field, fortuitously good electron transport properties
[21-23] (an electron mobility possibly in excess of 2000
cm? V-!'s7! and a peak velocity approaching 3 x 107 cm/
s at room temperature), and good thermal conductivity
are conducive for high power/temperature electronic
devices [24]. Sheppard et al. [25] have reported that 0.45
um gate, high-power modulation doped FETs (MOD-
FETs) on SiC substrates exhibited a power density of 6.8
W/mm in a 125 pym-wide device and a total power of 4 W

(with a power density of 2 W/mm) at 10 GHz. Other
groups have also reported on the superior performance
of GaN-based MODFETs on SiC and sapphire sub-
strates with respect to competing materials, particularly
at X band and higher frequencies [26-29]. What is as-
tounding is that researchers at HRL Laboratories have
recently demonstrated GaN/AlGaN MODFETs pre-
pared by molecular beam epitaxy (MBE) on SiC sub-
strates, which exhibited a total power level of 6.3 W at
10 GHz from a 1-mm wide device. What is more as-
tounding is that the power is not really thermally limited
as the power density extrapolated from a 0.1-mm device
is 6.5 W. Equally impressive is the noise figure of 0.85 dB
at 10 GHz with an associated gain of 11 dB. The drain
breakdown voltages in these quarter micron gate devices
are about 60 V, which are in part responsible for such a
record performance [30].

Applications of high power GaN-based MODFETs
include amplifiers operative at high power levels, high
temperatures, and in unfriendly environments such as
radar, missiles, satellites as well as in low-cost compact
amplifiers for wireless base stations. Much of these ap-
plications are currently met by pseudomorphic MOD-
FETs [31].

Nitride semiconductors have been deposited by va-
por phase epitaxy (i.e., both hydride VPE [32] (HVPE)
which has been developed for thick GaN layers and
organometallic VPE [33] (OMVPE) which has been de-
veloped for heterostructures), and in vacuum by a host
of variants of MBE [16]. All the high-performance light
emitters, which require high-quality InGaN, have been
produced by OMVPE. On the other hand, MBE has
been very successful in producing structures, which do
not require InGaN. Some examples are FETs and de-
tectors. With its innate refined control of growth pa-
rameters, in situ monitoring capability, and uniformity,
MBE is well suited for depositing heterostructures and
gaining insight to deposition/incorporation mechanisms.
MBE’s control over growth parameters is such that any
structure can be grown in any sequence. The structures
based on conventional compound semiconductors such
as IR lasers for CD players, surface emitting vertical
cavity lasers, and high-performance pseudomorphic
MODFETs have all been produced very successfully,
most of them commercially, by MBE. Nitride growth,
however, requires much higher temperatures than those
used in producing conventional Group III-V semicon-
ductors for which the MBE systems were designed. In
addition, it has proved difficult to provide active N
species at sufficiently high rates for nitride growth. De-
spite these mechanical/engineering limitations and its
relatively late entry, with appropriate modifications, MBE
has already played a key role on a number of fronts such
as high-performance GaN-based MODFETs and fast
solar blind detectors, which are the topics of discussion
in this article.
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2. Modulation doped field effect transistors

With its reduced impurity scattering and unique gate
capacitance-voltage characteristics, the MODFET has
become the dominant high-frequency device. Among the
MODFET’s most attractive attributes are close prox-
imity of the mobile charge to the gate electrode and high
drain efficiency. As in the case of high emitters, the
GaN-based MODFETs have quickly demonstrated re-
cord power levels at high frequencies with very re-
spectable noise performance and large drain breakdown
voltages.

In MODFETs, the carriers that form the channel in
the smaller band gap material are donated by the larger
band gap material and ohmic contacts or both. Since the
mobile carriers and their parent donors are spatially
separated, short-range ion scattering is nearly elimi-
nated, which leads to mobilities that are characteristic of
nearly pure semiconductors. A Schottky barrier is then
used to modulate the mobile charge that in turn causes a
change in the drain current. Because of this heterolayer
construction, the gate can be placed very close to the
conducting channel, resulting in large transconductances
[34]. Fig. 1 presents a schematic representation of a
GaN/AlGaN MODFET heterostructure in which the
carriers are provided by the donors in the wider band
gap AlGaN. In a MODFET device under bias, the
carriers can also be provided by the source contact.

T-gate

Source Drain

AlGaN
GaN buffer

Substrate

Fig. 1. (a) Schematic representation of an AlGaN/GaN
MODFET. (b) Schematic band structure of an AlGaN/GaN
modulation doped heterostructure in which the free carriers are
provided to the GaN layer by the dopant impurities placed in
the larger band gap AlGaN barrier layer.

3. Polarization

The wurtzite Group III nitrides are tetrahedrally
coordinated and lack the inversion symmetry along the
c-direction. Because of this non-centrosymmetry and
large ionicity associated with the covalent metal nitrogen
bond, a large spontaneous polarization oriented along
the hexagonal c-axis occurs. This spontaneous polar-
ization is noteworthy particularly when heterointerfaces
between two nitride semiconductors with varying ioni-
city are involved. Moreover, Group III nitride semi-
conductors have large piezoelectric (PE) coefficients.
The strain induced PE and spontaneous polarization
charges have profound effects on device structures. In
heterojunction devices such as MODFETSs where strain
and heterointerfaces are present, the polarization charge
is present and is inextricably connected to free carriers,
which are indeed present. As such, polarization affects
device operation in all nitride-based devices, particularly
MODFETs, and thus must be taken into consideration
in device design. As mentioned above, polarization
charge arises from two sources: PE effects and the dif-
ference in spontaneous polarization between AlGaN
and GaN, even in the absence of strain. These charges
exist in all compound semiconductors to varying degrees
unless self-cancelled by the symmetry of the particular
orientation under consideration. Spontaneous polariza-
tion has only recently been fully understood. As pointed
out earlier [35], nitrides lack inversion symmetry and
exhibit PE effects when strained along the [0001] direc-
tion. PE coefficients in nitrides are almost an order of
magnitude larger than in many of the traditional Group
III-V semiconductors [36]. In addition, wurtzite GaN
has a unique axis, thus allowing spontaneous polariza-
tion (P, whose values are given in Table 1) to be present
even in the absence of any strain. This can manifest itself
as polarization charge at heterointerfaces. The magni-
tude of the polarization charge, converted to number of
electrons can be in the mid-10'* cm~2 level for AIN/GaN
heterointerfaces, which is huge by any standard. For
comparison, the interface charge in the GaAs/AlGaAs
system used for MODFETs is less than 10% of this
figure. An excellent review of the polarization effects can
be found in Ref. [37].

Table 1
PE constants and spontaneous polarization charge in nitride
semiconductors

AIN GaN InN
e (C/m2) 1.46 0.73 0.97
€31 (C/m?) ~0.60 —049  —0.57
Py (Clm?) —0.081 —0.029  —0.032
[631 — [C}]/C33]€33] units —0.86 —0.68 —-0.90
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Let us compare the relative importance of sponta-
neous polarization to PE polarization. For a biaxially
strained layer, the effective PE polarization is given by

Pzpiezo — [631 — (C31/C33)e33]8i (1)

where &, = &, + &, is the in-plane strain and C3; and Cs3
are elastic constants.

For coherently strained Al,Ga,_, N on a relaxed GaN
substrate, the strain ¢, is expected to be proportional
to x and given by & = 2(agan — @aiGan)/@aiGan, Which
is 0.051x and is tensile. The PE polarization is then
PPiezo — _().044x, i.e., pointing in the direction [0001].
The corresponding difference in spontaneous polariza-
tion between Al,Ga; N and GaN is also expected to be
proportional to x, the AIN mole fraction, and is given by
APy, = —0.052x. Consequently, the two are in the same
direction for this particular orientation, and are com-
parable in magnitude. The total polarization for the
AIN/GaN interface, which is defined in this case as the
sum of the PE polarization and the differential polar-
ization charge is —0.096x. Note that these are all in C/m?
and that 1 C/m? = 0.624 x 10'5 electrons/cm?. Thus, for
x of the order of 0.1, we are dealing with a total po-
larization charge of the order of mid-10'> cm™2.

For a coherently strained In,Ga;_,N layer on relaxed
GaN, the situation is different in that the difference in
spontaneous polarization is much smaller, APy, =
—0.003x. Furthermore, the In,Ga,; N layer on GaN
would be under compressive strain ¢; = —0.203x, and
Priezo — 10.183x. Here the PE polarization dominates
and is opposite in direction to the spontaneous polar-
ization charge, but even larger in absolute magnitude. In
the case of a coherently strained Al In;_.N layer on a
relaxed GaN layer, the situation is unique in that for
x = 0 we revert to the InN on GaN case and for x = 1 we
revert to the AIN on GaN case.

Numerical figures can be generated for the total
polarization charge following the expressions outlined
above by using a linear extrapolation of the strain and
differential spontaneous polarization. The total polar-
ization at the interface is the sum of the PE and differ-
ential spontaneous polarization, P = APy, + Ppk.
Taking the normal modulation doped structures where
the GaN buffer layer is assumed completely relaxed and
the AlGaN barrier layer is assumed coherently strained,
one arrives at the plot shown in Fig. 2 for the total
polarization charge at the interface. Additionally, data
for InGaN and AlInN on GaN are shown. For tensile-
strained Al,Ga;_,N or Al,In; N (for large x values) on
GaN, the layer is under tensile strain and the PE and the
spontaneous polarization are negative and point in the
same direction, thus they add up. The spontaneous and
PE polarizations oppose one another for compressively
strained In,Ga;_ N or Al In,_ N (for small x values)
layers. To calculate the differential spontaneous and PE
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Fig. 2. PE, spontaneous, and total polarization of coherently
strained AlGaN, InGaN and AllnN alloys grown on com-
pletely unstrained Ga-polarity GaN buffer layers vs. the alloy
composition. The polarization values were determined by linear
extrapolation of the physical properties from the binary com-
pounds. The figure is similar to that reported by Ambacher et al.
[38], but the parameters used are consistent with our previous
publications.

polarization associated with alloys, one can employ a
linear interpolation for the spontaneous polarization,
PE and elastic constants from the binary compounds
[38]. As discussed above, the PE polarization in coher-
ently strained Al,Ga,; N layers grown on GaN in-
creases to —0.044 C/m? for x = 1. For InGaN layers, the
PE polarization increases up to +0.183 C/m? for x = 1.
The ternary Alyg,Ing ;3N can be grown lattice matched
to GaN and the PE polarization vanishes. For lower Al
concentrations, i.e., x < 0.82, the PE polarization in-
creases due to increasing biaxial compressive strain. For
higher Al concentrations, i.e., x > 0.82, the layer is
under tensile strain and the PE polarization becomes
negative (Fig. 2). Opposing strain and spontaneous po-
larization charge in Al,In; N cancel one another for
a mole fraction of about x = 0.7 with the underlying
assumption that the AlIn; N is coherently strained
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Fig. 3. Schematic representation of very simple-minded band structure of an AlIGaN/GaN structure with varying AlGaN thickness, as
one goes from (a)—(c), which demonstrates how the surface charge could participate in the screening of the polarization induced charge

or the field.

and the GaN layer on which it is grown in completely
relaxed [39]. The discussion of more accurate effective
mass calculations can be found in the MODFET mod-
eling section.

Some further words of caution about the above es-
timates are needed. If the AIGaN layers are not
pseudomorphic but partially relaxed (by misfit disloca-
tions for example), then the PE effect would be reduced
but the spontaneous polarization would still be present.
If the interfaces are not atomically sharp but exhibit
a certain degree of inter-diffusion, the differences in
spontaneous polarization would be reduced as well. Fi-
nally, if domains with inverted polarity exist, the overall
polarization effects may be washed out. Also note that in
an inverted structure with nitrogen (N) polarity towards
the surface, it may be possible to create a two-dimen-
sional hole-gas at the AlGaN/substrate GaN interface,
providing that free holes are available. However, if an
n-type GaN layer is placed on top, a two-dimensional
electron gas (2DEG) may form on top of the AlIGaN
layer.

Let us now consider a hypothetical case in which no
free carriers exist. In this case, the polarization charge
causes a linear band bending in Al,Ga;_ N with no
change in the band of the underlying GaN as shown in
Fig. 3. Let us also assume that there are surface states
below the conduction band within the band gap as
shown. As the AlGaN thickness is increased, the band
bending would be such that the surface states would
become ionized. The released electrons in the process
would wind up at the interface, which tend to screen the
polarization charge. If the surface state concentration
were not sufficiently high, the surface Fermi level comes
very close to the valence band. This implies for holes to
be present within the AlGaN layer near the surface. This
positive charge needs to be balanced by a negative
charge at the interface, the source of which could be
surface states. In reality, the semiconductor system
contains defects and free carriers that would make the

picture somewhat more complicated. For one thing, the
Fermi level may not be able to come as close to the
valence band as that shown in the figure. The surface
defect supposition has recently been forwarded with
experimental backing [40].

With Ga polarity, the conduction band edge of the
Al,Ga,;_ N will slope up toward the surface where the
Al,Ga,_,N layer is. The band diagram shown would
hold in this hypothetical case only if the Al,Ga; N
layer thickness is such that the Fermi level at the surface
is still a few kT away from the valence band edge. If the
Al,Ga,_,N thickness were made larger, the Fermi level
near the surface would be very close to the valence band
causing a positive hole charge at the surface as shown
in Fig. 3. A negative image charge would then form at
the heterointerface tending to screen the polarization
charge. This charge is different from the polarization
charge in that it is mobile and can partake in current
flow in addition to altering the band diagram. In short,
the polarization charge is a fixed charge. However, it
would induce mobile charges to screen it if they are
present. The recent device literature is confusing some
authors implying as if the polarization charge alone
is capable of doping a semiconductor. Misleading no-
menclature with no physical basis such as “piezo dop-
ing” has already been coined. To make the point in
another way, polarization charge causes band bending
and any free carriers, if present in the system, would
tend to screen the polarization charge. The screening
charge represents the mobile carriers whose source could
be native defects, impurity dopants (intentional or un-
intentional) and surface states.

Returning to modulation doped structures with
Al,Ga; N barriers, the sign of the polarization is as
such to produce a potential energy for electrons sloping
down from the Ga face toward the N face. Thus, for a
structure in which the Ga face is turned toward the
surface, the potential will slope down from the
Al,Ga,_,N surface toward the AlGaN/GaN interface
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and help to drive carriers towards the 2DEG forming at
this interface. For example, if there is an ohmic metal
contact on the Al,Ga,_.N surface, electrons will flow
toward the 2DEG below that layer.

The most favorable situation for enhancing the sheet
carrier concentration would occur for an InGaN quan-
tum well on top of relaxed n-GaN and below an AIGaN
barrier with the whole structure having cation polarity
toward the surface. In that case, the field will slope down
toward the InGaN/AlGaN interface in the quantum well
and will help localize the carriers in the 2DEG. Note
that the PE polarizations estimated here are based on
the theoretical values for a perfectly insulating material.
The free carriers that are present in each layer screen the
field. For example, if free carriers are provided from
metal contacts and they flow toward the 2DEG, this
process sets up a screening field, which counters the
polarization-induced field. Under equilibrium condi-
tions, if they are reached, the net field is determined
by the condition that the chemical potential for electrons
(the Fermi level) must be constant throughout the struc-
ture. This depends on the doping and band bending in
the substrate and, possibly, in each of the layers. At the
very least, one may expect these fields to be reduced by a
factor corresponding to the macroscopic dielectric con-
stant, i.e., a factor of order 10 but possibly larger if the
conductivity of the layers increases by the free carriers in
the system. Consequently, a more realistic expectation
for the effect on sheet carrier concentration is on the
order of 10'-10'? electrons/cm?.

The difference between these and traditional device
structures without polarization effects is that for uni-
form dopant concentrations, one obtains parabolically
varying potentials with distance, whereas here the linear
terms come from polarization on top of the parabolic
terms. These linear terms lead to variations of the po-
tential over a shorter distance scale determined by the
thickness of the layers, whereas the parabolic terms
correspond to the space-charge regions. Thus the linear
terms may help to localize carriers if the polarity of the
structure is chosen properly.

The immediate impact of this polarization is that the
field generated by this process must be considered to-
gether with that induced by the applied voltage and
charge redistribution. Moreover, as alluded to earlier,
free carriers can also be drawn from any shallow and
weakly bound impurities and metal in contact with the
semiconductor. In any case, the free carriers would tend
to screen the PE-induced polarization field. An addi-
tional complicating factor in nitrides in relation to po-
larization is that the semiconductor tends to twist and
tilt in a columnar mode, in an effort to minimize strain
as shown in Fig. 4. Multiple polarity has been confirmed
in epitaxial GaN layers on sapphire substrates by con-
vergent beam electron diffraction [41-43]. These col-
umns do not have the same cation/anion ordering

sapphire substrate

Fig. 4. Domains in GaN, with N polarity (nitrogen surface
layer) on the right and Ga polarity (with Ga on surface) on the
left side under compressive residual strain. The arrows show the
direction of the PE field in each of the domains.

polarity as shown in Fig. 4. In the presence of strain, Ga
polarity domains and N polarity domains would have
opposite polarization, causing increased scattering.

Fig. 5 is a schematic representation of an ideal in-
version domain boundary formed in growth along the
[0001] direction. On the left of the boundary, the growth
initiates with N, and on the right it begins with Ga. On
the left side, the bond along the [0001] direction is from
Ga to N; this is called Ga polarity. On the right side, the
[0001] bonds are from N to Ga; this is called N polarity.
In N polarity and under tensile strain, the PE field
generated points toward the surface, whereas that for
the Ga polarity region points in from the surface. When
the strain is compressive, the direction of the field
changes.

Yet an additional complicating factor is the asym-
metry in the barrier discontinuities between GaN and its
binary and ternaries caused by spontaneous polarization
[44-46]. The spontaneous polarization arises simply be-
cause of the ionicity of the bonds and the low symmetry
in wurtzite. In fact, Bernardini and Fiorentini [47]
showed that the field that occurs in quantum wells is
almost completely determined by the difference in spon-
taneous polarization between the two bulks, and their
PE contribution. The field (i.e., the slope of the poten-
tial) is quite independent of the offset (i.e., the dipole
discontinuity that occurs at the interface between
the two materials). In other words, the dipole at the
interface appears to be independent from the charge
(monopole) accumulated at the interface. Recent ex-
perimental results obtained in the authors’ laboratory
with colleagues from the University of Lecce support
this theory in that the spontaneous polarization com-
ponent is dominant.

In considering a normal MODFET (N-MODFET)
structure where the larger band gap AlGaN donor layer
is deposited on top of a GaN channel layer (see Fig. 6)
both the spontaneous polarization and PE polarization
must be accounted for. For an N-MODFET structure
with Ga polarity, the potential will slope down from the
surface of the AlGaN layer toward the AlGaN/GaN
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at the interface.

interface, and will help to drive free electrons toward the
interface forming a 2DEG as shown in Fig. 6. For ex-
ample, if there is an ohmic metal contact on the AlGaN
surface, electrons will flow toward the 2DEG below the

AlGaN layer from contacts. Since nitride semiconduc-
tors in question have large band gaps, thermal genera-
tion rates are minuscule and the role played by thermally
generated carriers can be ignored.
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p-type buffer layer. If the signs of strain were to change, to compressive from tensile, then the direction of the PE polarization would
change. In that case the spontaneous and PE polarizations would oppose one another, and the larger one would determine whether

hole or electron accumulation is favored at the interface.

It is therefore essential that the N-face case also be
considered. The case of an AlGaN (tensile-strained)/
GaN (relaxed) heterostructure with nitrogen polarity for
an n-type GaN and for a p-type GaN buffer layers is
shown in Fig. 7. In the cases depicted in Fig. 6, the PE
polarization and spontaneous polarization charges sup-
port one another. Unlike the Ga polarity case, the po-
larization charge is such that screening charge will be
made of holes if they are present in the film. If holes
constitute the minority charge in the film, then the
thermal process is the means by which they would be
created. However, this process in a wide band gap
semiconductor such as GaN is very slow and equilib-
rium condition may not be attained. If the strain in
AlGaN were compressive, the direction of the PE po-
larization vector would change which would cause the
PE polarization to counter the spontaneous polariza-
tion. This would actually represent the case when the
epitaxial films are relaxed at the growth temperature,
but upon cooling to room temperature, the film would
be under compressive strain if on sapphire substrates.
This is due to the expansion coefficient of sapphire being
larger than that of GaN. In such a case, the larger of the
two charges would dominate and determine whether
hole or electron accumulation would be favored. If
on the other hand the film is grown on a SiC substrate,
the strain due to thermal expansion would be tensile.

This would lead to the case where the PE polariza-
tion and spontaneous polarization would support one
another.

Inverted modulation doped structures can also be
used to interrogate the picture in effect and perhaps take
advantage of the unique features presented. In such a
case, the AlIGaN layer precedes the GaN top layer where
the charge accumulation would occur. The interface
between the AlGaN layer and the bottom GaN layer
which is referred to as the buffer layer would be graded
to avoid a normal interface.

Fig. 8 shows, schematically, AlGaN/GaN-based in-
verted modulation doped structures with Ga, and N
polarities. As can be seen, in the case of Ga polarity and
tensile strain in AlGaN, both the PE and spontaneous
polarization vectors support each other, leading to a
hole accumulation at the interface if holes are present
in the system. Since the thermal generation rate is very
small, the semiconductor structure cannot be expected
to reach equilibrium by this means at room temperature
in a reasonable period of time. On the other hand, with
N polarity and tensile strain in AlGaN, the structure
favors electron accumulation at the interface. If the sign
of strain were to change, to compressive from tensile,
then the direction of the PE polarization would change.
In that case the spontaneous and PE polarization
charges would oppose one another, and the larger one
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interface.

would determine whether hole or electron accumulation
is favored at the interface.

Ambacher et al. [39] employing Hall effect and
capacitance—voltage profiling measurements, measured
the sheet carrier concentration and its profile in modu-
lation doped structures at room temperature, the results
of which are shown in Fig. 9. As seen in the figure, the
sheet carrier concentrations are consistently larger than
those expected from PE polarization alone. Since, the
GaN buffer contribution was verified to be negligible,
some additional sources, namely spontaneous polariza-
tion was invoked to explain the observations. The con-
tribution from the unintentionally doped barrier layer
also was found to be negligible as the measure of
2DEG concentration with increasing barrier thickness
up to 650 A (x = 0.25) did not appear to affect the re-
sults. The highest measured sheet carrier concentrations
for 0.2 < x < 0.45 are in good agreement with the cal-
culated values of total polarization charge taking spon-
taneous polarization and the measured strain relaxation
of AlGaN into account. The maximum sheet carrier
concentration for undoped AlGaN/GaN (and also for
InGaN/GaN) heterostructures is limited to about
2x 10" cm™? due to strain relaxation of the top

alloy layer. Not in good agreement are the calculated
and measured sheet carrier concentrations of undoped
MODFET structures with alloy compositions x < 0.2.
The measured sheet carrier concentrations are up to
5 x 10" cm~2 smaller than the predicted ones. In addi-
tion, the large scatter of the measured sheet carrier
concentrations for heterostructures with similar barrier
thicknesses and alloy compositions is unexpected and
much larger than the error in experiments. For a more
accurate calculation of the polarization charge in Ga
polarity modulation doped structure, see the section on
MODFET modeling.

Polarization effects, particularly spontaneous polar-
ization, have immense impact on measured band dis-
continuities also for example, the dependence of measured
band discontinuities on the order in which the larger and
the smaller band gap semiconductors are grown, is one
that can be attributed to polarization effects [45,46]. The
complicating factor in nitrides is the universal lack
of polarity control, (Ga or N polarity), and lack of uni-
form polarity, meaning presence of inversion domains.
Though, layers grown by MBE with a RF activated
nitrogen source turn out to be of N polarity and Ga
polarity when GaN and AIN buffer layers are used, re-
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carrier concentrations in Ga-face AlGaN/GaN heterostruc-
tures. The dashed lines are calculated results for pseudomorphic
structures. The solid lines are indicative of the calculated re-
sults, which take the measured partial strain relaxation into
account (for more details, see Refs. [36,37]).

spectively, more investigations are needed to shed more
light on the subject.

To reiterate, as a result of polarization, the static
potential at the GaN/AIN interface is different from that
at the AIN/GaN interface that gives rise to interface
charge larger than the charge densities used in devices. A
substantial level of effort has been expended toward
determining band discontinuities, but the field is in
desperate need of more in-depth investigations in im-
proved structures. The observed asymmetry in AIN/
GaN and GaN/AIN interfaces caused by spontaneous
polarization is within the experimental errors of Martin
et al. [44-46]. Inversion domains (see Fig. 10) combined
with any strain in semiconductor nitrides lead to flipping
PE fields (see Fig. 11) with adverse effects on our ability
to characterize the films, let alone exploit this phenom-
enon for devices. Such flipping field would also cause
increased scattering of carrier as they traverse in the
c-plane. Simply put, identical device structures with dif-
ferent polarity layers would have widely-differing per-
formance underscoring the importance that these issues
must be investigated and reconciled. The polarity mixing
causes the PE induced electric field to flip from one
domain to the next, causing a variation in the sheet
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Fig. 10. PE polarization induced sheet charge at the interface of
a Ga-face AlIGaN/GaN heterostructure for different degrees of
relaxation of the barrier layer (dashed lines). The solid line was
calculated taking into account the measured degree of relax-
ation, for AlGaN top layers with thicknesses of 25 + 5 nm. The
figures have been modified to be consistent with the PE and
polarization charge figures used in our previous publications.
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Fig. 11. Conduction band edge for the N-MODFET structure
grown in the [0001] direction for V5 = 0 with and without po-
larization fields.

carrier concentration along the channel of an FET like
device. The same polarity mixing would have deleterious
effects in the base of an HBT as well, and depending on
the polarity the induced field would either aid or impede
minority carrier transit.
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4. Partial strain relaxation

The heretofore discussion dealt only with coherently
strained AlGaN top layer and relaxed GaN buffer layer
in the case of normal modulation doped structures and
relaxed AlGaN and coherently-strained GaN top layer
in the case of inverted modulation doped structures.
This is of course an assumption whose validity has not
been confirmed. In reality, a most likely scenario is that
a partial relaxation would take place coupled with a
residual thermal strain. Ambacher et al. [39] treated this
issue of partial relaxation. As pointed out by Ambacher
et al., calculations of the critical thickness of InGaN and
AlGaN grown on GaN show that for a typical AlIGaN
barrier thickness of about 20 nm, strain relaxation
should occur for alloy compositions above x = 0.2. At
the outset, we should mention that the critical thickness,
the thickness above which the film begins to relax, is
difficult to determine because of the large density of
dislocations in this material system. Nevertheless, pro-
ceeding as if it can be done, does indeed give an estimate,
which is very useful. In order to determine the alloy
composition and relaxation of the barrier, the lattice
constants a(x) and ¢(x) were measured by high resolu-
tion X-ray diffraction [38]. For barrier thicknesses of
about 25 nm, macroscopic strain relaxation was ob-
served for alloy compositions of x. = 0.20 and 0.38 for
InGaN and AlGaN, respectively. In both cases the de-
gree of relaxation increased nearly linearly with in-
creasing alloy composition for x > x.. Naturally, for a
barrier with a fixed alloy composition, the PE polar-
ization and the sheet charge induced by that polarization
decrease linearly with increasing level of relaxation (r).
The polarization induced charge at the interface for a
Ga face AlIGaN/GaN heterostructure is shown vs. Al
concentration for different degrees of strain relaxation in
Fig. 10. The maximum sheet charge caused by PE po-
larization of a strained 30-nm thick barrier was calcu-
lated using the measured degree of relaxation. As can be
seen, for a barrier with x = 0.4 the total sheet charge
induced by spontaneous and PE polarization decreases
if the AIGaN becomes partially or completely relaxed.

5. MODFET model

The Schrodinger equation and Poisson equation can
be used self-consistently in order to study the channel
formation and current flow mechanisms in GaN-based
MODFET [34]. Several approaches have been used to
define the system Hamiltonian used in the Schrodinger
equation, namely effective masses [48], k.p expansion
[49] and tight-binding expansion [50,51]. The use of so-
phisticated models such as k.p or tight binding is justi-
fied, perhaps even made necessary, by the complex
wurtzite band structure, particularly for determining the

valence band states. Thus, calculations of optical pro-
cesses involving band-to-band transitions must consider
the details of the band structure beyond the simple ef-
fective mass approximation (EMA) [52,53]. However,
even when only the conduction band processes are of
interest, EMA is still very accurate means of determining
the properties of interest. In fact, nitride-based semi-
conductors in the wurtzite structure posses a conduction
band with a I' minimum, which can be described rea-
sonably well within such an approximation. Within the
effective mass theory, Schrodinger equation takes the
form [34,48,54]

*%é(mzz) é)w+eV(z)qo=E<p (2)

where m(z) is the position dependent effective mass, V(z)
the electrostatic potential, ¢ the electron wave function
and E the energy level. Non-parabolicity may induce
deviations from the simple parabolic band model.
However this will not substantially change the results
that we will present.

In the nitride semiconductors with wurtzite phase,
spontaneous and PE polarization effects are present [55],
which necessitates that Poisson equation be solved for
the displacement field, D(z)

%D(z) = % ( —&(2) % V(z)+ P(Z))
— e(p(z) — n(z) + N — Ny) (3)

where ¢(z) is the position-dependent dielectric constant,
P the total polarization, n(p) the electron (holes) charge
concentration and N7, (Ny) the ionized donor (acceptor)
density.

In the self-consistent procedure, potential V' is ob-
tained using Eq. (3) from an initial guess of the mo-
bile charge concentration, and then inserted into the
Schrodinger equation, Eq. (2), which is solved to get the
energy levels and wave functions of the system. The new
electron charge density is obtained by applying Fermi
statistics as follows:

m(2)kgT ‘
nop(z) = %EZB Z lp,(2))* In [1 4 eEr—Fi/knT] (4)

where Ef is the Fermi level, E; the energy of the ith
quantized level, T the temperature and kg the Boltzman
constant. The calculated density is than plugged into
Poisson equation (Eq. (3)) and the iteration repeated
until convergence is achieved. Convergence of the self-
consistent algorithm can be improved adopting special
relaxation techniques. Here we have used a first order
expansion of the model reported in Ref. [56].

In the following, we consider two MODFET struc-
tures, namely a single heterojunction AlGaN/GaN N-
MODFET where the AlGaN donor layer is grown on
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top of the GaN channel layer, and an “inverted”” GaN/
AlGaN/GaN MODFET (IMODHFET) where the
channel layer is grown on top of the AlIGaN donor layer.
The N-MODFET structure consists (from the gate to
the substrate) of a 150 A n-doped (n = 10" cm~3) Al-
GaN, 50 A unintentionally doped AlGaN layer and a
thick GaN buffer. The IMODFET consists (from the
gate to the substrate) in a 300 A unintentionally doped
GaN layer, 50 A unintentionally doped AlGaN, 150 A
n-doped (7 = 10' cm~3) AlGaN, 300 A unintentionally
doped AlGaN layer, and a thick GaN layer.

We consider a residual doping of 10'7 cm™ in both
GaN and AlGaN layers. We use a Schottky barrier (¢p)
of 1.1 eV for the metal-GaN interface and a ¢y = 1.2 eV
for the metal-AlGaN interface. Calculations have been
performed for Al Ga,; N with Al concentrations of
x=0.1, 0.2, 0.3, 0.4. Both [0001] and [000—1] growth
directions are considered. In the simulations, we have
used an effective mass of 0.19m, for electrons and 1.8m,
for holes in both GaN and AlGaN layers. The band
gaps and band discontinuities of the AlGaN layers used
are tabulated in Table 2.

As discussed previously the presence of polarization
is quite important in the nitride-based N-MODFET.
The conduction band edge profile for the N-MODFET
grown in [0001] direction is depicted in Fig. 11 for the
cases (i) with both spontaneous and PE polarization
fields, (ii) without considering the polarization fields, (iii)
with only the PE polarization fields. The difference in PE
and spontaneous polarization between AlGaN and GaN
layer manifest itself as a fixed 2D charge density at the
interface between the two materials. For the [0001]
growth direction considered in figure the difference in
polarization between the two materials induces a posi-
tive charge (0 = +1.12 x 103 cm~2) at the Aly,GagsN/
GaN interface. Electrons are attracted by this positive
charge, tending to accumulate at the interface and thus
forming a conductive channel. Moreover, the high
electric field due to the interface charge, favors the build-
up of a large channel density and of a strong channel
confinement. Within the AlGaN layer, the strong elec-
tric field compensates the space-charge contribution
coming from the ionized donors. Consequently, it pre-
vents the appearance of the parasitic channel that would
otherwise form in the doped AlGaN layer [49,57].

Table 2
Band gap and conduction band discontinuities with respect to
GaN of the Al,Ga,_,N layer

x (Al) Eg (eV) AEc (eV)
0.1 3.62 0.17
0.2 3.85 0.33
0.3 4.09 0.51
0.4 435 0.69

The comparison reported in Fig. 11 between the three
cases with different contribution of the polarization
fields shows the importance of considering both spon-
taneous and PE polarizations in GaN-based device
modeling. In fact, neglecting the spontaneous polariza-
tion, as was done recently [58-61], the channel electron
density is underestimated [49]. Clearly the sign of the
polarization charge is crucial. For the same N-MOD-
FET structure grown in the [000—1] direction, the re-
sulting polarization charge would be negative (with the
same magnitude) and electrons would be repelled from
the channel as shown in Fig. 12.

The distribution of the free electron charge in the
channel is shown in Fig. 13 for several values of the Al
concentration of the AlGaN layer. Increasing the Al
content induces a larger polarization charge at the GaN/
AlGaN interface and consequently a higher channel
electron concentration.

The results of calculations we have shown so far are
obtained by considering only the polarization charge at
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Fig. 12. Conduction band edge for the N-MODFET structure
grown in the [000—1] direction for Vg = 0.
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Fig. 13. Electron density distribution in the channel of the
[0001] grown N-MODFET for V5 = 0 for several Al contents of
the Al,Ga,_,N layer.
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the AlGaN/GaN interface. In reality, however, polar-
ization charges that form at the metal-AlGaN and at the
end of the GaN buffer region should also be accounted
for. The metal-AlGaN charge is completely screened by
the charges induced on the metal surface and can
therefore be neglected. On the other hand, the charges
at the end of the buffer region may induce large devia-
tion with respect to the situation described above.
Oberhuber et al. [49] have considered a —o/2 charge at
the interface between GaN and a nucleation region. The
exact amount of such charge depends however on the
morphology of the heterojunction and may differ from
the theoretical value ¢ = AP/e. The situation is less
critical if the bottom interface is far away from the main
AlGaN/GaN heterojunction. In this case, the polariza-
tion charge that arises can be completely screened by the
residual doping of the GaN substrate. On the contrary,
if such interface is close to the AlGaN/GaN hetero-
junction, the polarization charge can completely deplete
the channel. In our simulations we have considered a
thick GaN substrate. Thus, the effect of the polarization
charge at the end of the GaN substrate is completely
screened.

The band edge profile and electron densities for the I-
MODFET grown in the [000—1] direction are shown
in Figs. 14 and 15 respectively. A comparison of the
conduction band edges with and without polarization
charges is also plotted. As for the N-MODFET, the pres-
ence of the fixed and positive polarization charge at
the GaN/AlGaN interface induces the formation of
a channel not present in absence of the polarization
charge. For the -MODFET a —o polarization charge is
also present at the end of AlGaN region (i.e., at the
AlGaN/GaN interface). Similar to the [0001] grown N-
MODFET, a larger Al content of the AlGaN layer in-
duces a larger polarization charge at the GaN/AlGaN
interface and consequently an increase of electron con-
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Fig. 14. Conduction band edge for the -MODFET structure

grown in the [000 —1] direction for V5 = 0 with and without
polarization fields.
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Fig. 15. Electron density distribution in the channel of the
[000 —1] grown I-MODFET for ¥ = 0 for several Al contents
of the Al,Ga,_,N layer.

centration in the channel. Naturally, for [0001] orienta-
tion the interface charge forms below the AlGaN layer
which is not what is desired for an -lMODFET. What is
desired is the formation of the electron sheet layer on
top of the AlGaN layer, which is possible when the
[000—1] orientation is employed. The structure in its
present shape, i.e., the [0001] polarity would show FET
performance providing that the AlGaN layer is com-
pletely depleted but with small transconductance. If the
AlGaN is not depleted, then the device would function
as metal semiconductor FET (MESFET) dominated by
transport in the AlGaN layer unless the gate potential is
large enough to deplete the AlIGaN layer. To eliminate
the formation of an interface electron charge at the
bottom of the AlGaN layer, the bottom heterointerface
should be graded substantially. In that case, the [0001]
polarity would cause the band diagram to accumulate
holes at the top interface if they are present. That top
interface would accumulate electrons in the [000—1]
polarity.

The channel charge density is therefore controlled by
two factors: (i) the gate bias as in traditional N-MOD-
FET device, (ii) the Al content of the AlGaN layer,
which tailors the polarization field. Charge control in
nitride-based devices can be achieved by adjusting two
independent parameters and thus offers a wide degree of
flexibility with respect to traditional devices. This can be
seen from the sheet charge concentration in the channel
as obtained by integrating the electron density distri-
bution along the z-direction. Considering the explicit
dependence of the sheet charge density on the gate
voltage Vg, we have:

ns(V5) :/n(Vc,,z)dz (5)

Figs. 16 and 17 show the sheet electron density in the
channel as a function of gate bias for several Al contents
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Fig. 17. Channel electron density as a function of Al and Vg for
the [000—1] grown I-MODFET.

in the AlGaN layer for both [0001] grown N-MODFET
and [000—1] grown -MODFET, respectively. Naturally,
the channel electron density increases for larger Al
contents of the AlGaN layer. We note also that the
density is higher for the N-MODFET with respect to the
I-MODFET because the particulars relating to the band
bending on the top interface of the -MODFET. As
mentioned earlier, the I-MODFET structure is intended
to be used with [000—1] for investigative purposes only
as the body of work in the AlGaAs/GaAs system
showed the N-MODFET to the desired device structure.

6. Drain current model in MODFETSs

We have implemented a quasi-2D [62-64] model for
the calculation of the current-voltage characteristics
of the nitridle MODFETs. This model makes use of
the exact value of the sheet charge density in a MOD-
FET device channel, obtained from the self-consistent
Schrodinger—Poisson solution presented above.
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Fig. 18. Schematic representation of the quasi-2D FET model
used.

We assume a FET model shown in Fig. 18 where the
x-axis is along the channel and the z-axis is along the
growth direction. The model also considers the presence
of a drain (Rp) and source (Rs) resistance. When a drain
bias (7p) is applied, the potential along the channel may
be considered as varying gradually from the source bias
Vs to Vp. In this situation it is still possible to calculate
the sheet charge density ny at every section grid, pro-
vided that one considers the FV(x) potential (on the
top surface) for each point of the channel. Since for
n-channel devices, V5 is positive and Vs is zero, V(x)
contributes to the channel depletion and the sheet
charge density ng for the generic x section of the FET
will be therefore:

ns(x) = n(Vo = V(x)) (6)

By neglecting diffusion contributions, the source-to-
drain current Ipg is given by:

Ins = —gWo(x)ns(x) (7)

where W is the gate width and v(x) the electron mean
velocity, supposed independent of the transverse coor-
dinate. The dependence of the drift velocity on the
longitudinal electric field is empirically given by:

_ o (x)
F(x
1452

v(x)

(8)

where F(x) is the electric field (= —dV (x)/dx), y, is low
field mobility and Fc = vs/u, is the electric field at
saturation. Parasitic components are included explicitly
through the drain and source resistances (Rp,Rs)
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Vs = Vs + IpsRs )
V5 = " — IpsRp

where V§ and I§ represent the effective bias boundaries
of the gate region on the drain and source sides, re-
spectively. For a certain value of Ipg, we can calculate Ip
by solving Eq. (7). The explicit equation for the current
is:

HoF (x)
F(x)
1+

Ins = gW "(VG - V(x)) (10)

The numerical solution is based on the discretization
of this expression into N sections, each with amplitude 4,
so that Nh = L, where L is the gate length. Given the
(i — 1)th section potential, the ith potential V; = V,_; +
Fh, where F; is the ith section electric field. We have then
the N relations:

F
IDs:quuj_En(VG—K_l—Eh) (11)

Fc
since the (i — 1)th section potential is known from the
previous step, this is a non-linear equation in the un-
known F;. Solving iteratively for all the N sections, one
obtains the value of the drain voltage 7, consistent with
the assumed current.

Repeating this procedure for a suitable range of
values of Ips, one obtains the set of corresponding values
of Vps and thus the MODFET I-V characteristics, which
are elaborated on below.

7. I-V characteristics

In this section we discuss the simulated /- charac-
teristic of the normal and inverted MODFET, obtained
for a gate length of L = 0.3 um. We have chosen a drain
and source contact resistivity of about 1 Q mm which is
consistent with experimentally measured values on these
types of devices [65]. We use a saturation velocity of
2.5x 107 cm/s, while for the low field mobility we
choose a value of y, = 1100 cm® V~!'s7!, slighter higher
than the GaN bulk value, according to the experimental
and theoretical results for similar devices [22,49,66,67].

In Fig. 19, we show the Ips vs. Fps for the [0001]
polarity MODFET for several gate (Vgs) voltages. The
results are presented for both x = 0.2 (Fig. 19a) and
x = 0.4 (Fig. 19b), Al concentration of the top layer.
For x = 0.2, the MODFET reaches pinch-off for a bias
voltage of Vgs = —4.4 V while for x = 0.4 the pinch-off is
reached at Vgs = —9.5 V. On the other hand, the satu-
ration drain current for x = 0.2 is Ips = 2.4 A/mm at
Vos =0 and it increase up to 5.76 A/mm for an Al
content of x = 0.4. Thus, the current flowing in the de-
vices depends strongly on the Al contents of the top
layer. This is essentially due to increasing of the channel
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Fig. 19. (a) Ips vs. Vps for the [0001] polarity N-MODFET for
several gate voltages (Vgs) and for x = 0.2. (b) Ips vs. Vps for the
[0001] polarity N-MODFET for several gate voltages (Vgs) and
for x = 0.4.

electron density induced by the increasing in the polar-
ization charge going from an Al due to increase in
content of 0.2-0.4. This peculiarity of the MODFET
should be considered in the design of these devices since
fluctuation of the alloy composition of the top layer may
induce large variation with respect to nominal electrical
values of the device. It should also be pointed out that
the gate leakage would determine the extent of gate
voltage that can be applied to the gate. For a gate bias of
9.5 V and AlGaN layer thickness of 20 nm, the vertical
field under the gate near the source can reach 4.75 MV/
cm. This means that MODFETs utilizing large mole
fractions of Al may require thin AlGaN layers or re-
cessed gates to keep the gate voltage smaller.

A similar situation is obtained for the -MODFET
with the GaN/AlGaN/GaN structure grown in the
[000—1] direction, meaning with N polarity. The calcu-
lated Ips vs. Vps characteristics are reported in Fig. 20a
and b for x = 0.2 and 0.4 Al compositions of the AlGaN
layer, respectively. Also in this case the pinch-off bias
depends critically on the Al composition and varies from
-39 V for x=0.2 to —9.0 V for x = 0.4. Saturation
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Fig. 20. (a) Ips vs. Vps for the [000—1] polarity Inverted
MODFET for several gate voltages (Vgs) and for x = 0.2. (b)
Ips vs. Vps for the [000 —1] polarity inverted MODFET for
several gate voltages (Vgs) and for x = 0.4.

currents are lower for the -MODFET at x = 0.2 with
respect to the equivalent MODFET structure. Such

difference, however, is negligible for the case with
x=0.4.

8. Experimental considerations

GaN-based FETs are intended primarily for power
applications at high frequencies. Consequently, tradi-
tional small signal considerations have to be augmented
by large signal specific issues. The main parameter facing
a power device is the maximum power level that can be
obtained and the associated gain. In many applications
the noise figure of the device must also be considered. In
simple terms if the device has a large drain breakdown
voltage, high gain at high frequencies, and high drain
efficiency, the stage is set for a desirable device. Even in
a well-designed device in a semiconductor with all the
accolades, the thermal wall is a very formidable one.
Thus, it is imperative that the effect of temperature on
device performance is accounted for accurately. As in
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Fig. 21. Schematic representation of I~V characteristics with a
load line for a Class-A operation. J; is the breakdown voltage.

small signal modeling, the first step in power modeling is
to establish the basic device geometrical factors that are
needed to calculate the current-voltage characteristics.
Once these are known, the output characteristics su-
perimposed with the load line can be used to estimate
the power level that can be obtained from the device
provided that it is not limited by the input drive as
shown in Fig. 21. In Class-A operation, the maximum
power that can be expected from the drain circuit of a
device is given by

Pmax _ Idson(Vb - anee) (12)
8
where Iy, 1S the maximum drain current (this is the
drain current with a small positive voltage on the gate
electrode), 74 is the drain breakdown voltage, and Ve is
the knee voltage as shown in Fig. 21. The allowable
positive gate voltage (=1 V) will depend on the channel
doping and the work function of the gate metal. The
positive gate voltage is limited by the onset of forward
Schottky-diode current. The DC load line shown in Fig.
21 would be used in a Class-A RF amplifier with the
maximum drain voltage V3 = 14, /2. The slope of the load
line is 1/R; where Ry is the value of the load resistance
at the output of the FET. What can be gleaned from Eq.
(12) is that V;, and I35, must be made as large as pos-
sible. The utility of wide band gap semiconductors such
as GaN at this juncture is that the drain breakdown
voltage is larger than that in conventional Group III-V
semiconductors. In general, the drain can be swung to
voltages up to within 80% of the drain breakdown for a
20% margin of safety. It should be pointed out that the
maximum drain current in nitride semiconductor-based
MODFETs is in the same ballpark as that for more
conventional semiconductors. This implies that increased
power handling capability is a direct result of large
breakdown voltages and thermal conductivity and the
fact that higher junction temperatures can be tolerated.
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Ability to increase drain bias increases the load resis-
tance and makes it easier to impedance match, particu-
larly in devices with large gate widths.

In power devices, power dissipation within the device
increases the junction temperature and alters the output
characteristics. On the one hand, higher junction tem-
peratures with respect to the case temperature would
enhance the heat dissipation to the power of four of the
temperature differential, but along with it come reduced
current and increased series resistances, which in turn
increase the heat dissipation. Moreover, the thermal
conductivity of the semiconductor decreases with in-
creased temperature, exacerbating the situation. Tem-
perature-dependent material parameters, if known, can
be used to calculate the output characteristics with
respect to temperature. However, a more pragmatic
approach, particularly when the aforementioned pa-
rameters and, or models required are not available, can
be taken in which one measures the output characteris-
tics of the device under consideration as a function of
temperature. The junction temperature is critically de-
pendent on the substrate thermal conductivity that is
available for various substrates including GaN [1]. The
functional dependence of thermal conductivity on tem-
perature is

2(T) = () (T/T,") (13)

where the coefficient r is 0.559, 0.443, 0.524, and 0.544
for Si, GaAs, SiC, and sapphire, respectively [68].
Thermal conductivities of sapphire, SiC, GaAs, and Si
as a function of temperature are shown in Fig. 22. In
Fig. 22, x(Ty) has also been appropriately reduced to
account for the doping of the substrate material.
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Fig. 22. Thermal conductivity vs. temperature for SiC and
sapphire (after Ref. [66]).

9. Schottky barriers for gates

Any semiconductor device requires metal contacts
and MODFETs are no exception. These devices require
ohmic source and drain contacts as well as a rectifying
Schottky barrier for controlling the charge in the chan-
nel. Schottky barrier-related processes for GaN-based
devices are nascent, but rapid progress is being made.
Until recently it has been difficult to fabricate good
quality single-crystal films on which a Schottky metal
could be deposited, and upon which the properties of
Schottky barriers could be studied. However, consider-
able progress has been made with Pt-GaN Schottky
barriers [69,70] that have been successfully implemented
in GaN-based MODFETs [24,71,72].

Recent successes in growing good quality single-
crystal GaN layers prompted the fundamental electrical
property studies of metal-semiconductor barriers on
GaN. In order to determine the properties of only the
metal-semiconductor junction, one must be able to
model the semiconductor. Semiconductors with large de-
fect concentrations are notorious for exhibiting parasitic
processes in current-voltage and capacitance—voltage
characteristics that cloud the picture. Consequently,
good epitaxial layers as well as good metal-semicon-
ductor interfaces are imperative. During the evolution-
ary period, while the sample quality is acceptable,
temperature and frequency dependence of the capaci-
tance—voltage characteristics and temperature-depen-
dent current-voltage characteristics are measured and
analyzed for determining effective metal-semiconductor
barrier height. To get a large Schottky barrier height for
rectifying metal contacts on GaN, which is imperative
for low leakage, metals with large work functions
such as Au and Pt [69] have been explored. Hacke et al.
[73] have studied Schottky barriers made of Au on un-
intentionally doped n-GaN grown by HVPE. The for-
ward current ideality factor was njg ~ 1.03 and the
reverse bias leakage current was <107' A at a reverse
bias of —10 V. While the current-voltage measurement
indicated the barrier height to be 0.844 eV, the capaci-
tance measurements led to a value of 0.94 eV.

Suzue et al. [69], and Mohammad et al. [70] have
studied the Pt Schottky barriers on unintentionally
doped n-GaN. Temperature-dependent current-voltage
and capacitance-voltage characteristics in the range
of —195-42 °C were studied to gain insight about
the current conduction mechanism. Any excess current
observed is traditionally attributed to defect (genera-
tion-recombination (G-R) centers) and surface leakage
current. The ensuing current is called the Shockley—
Read-Hall (SRH) recombination current resulting from
the mid-gap states. If one neglects this excess current, a
barrier height of about 0.8 eV is deduced as opposed to
about 1 eV deduced from the CV measurements. Be-
cause of the effect of excess current on the slope of the
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I-V curve, C—V measurements in this particular case
may represent the metal barrier height. An examination
of the C-V plots, however, indicated that under reverse
bias condition, the capacitance depended insignificantly
on the sample temperature and the signal frequency as
shown in Fig. 23a and b. This leads one to conclude that
the density of traps has been lowered. The curves cor-
responding to all temperatures were largely linear, which
yielded barrier heights ranging between 0.95 and 1.05
eV. Reduced capacitance with decreasing temperature is
consistent with relatively deep donors. Binari et al. [74]
determined Ti Schottky barrier heights to be 0.58 and

0.59 eV from the current-voltage and capacitance
measurements, respectively. The ideality factor n;qy was
approximately 1.28. The diode series resistance (R;) was
100 Q.

The ternary Al,Ga;_.N is an essential component of
nitride-based MODFETs, which makes the investigation
of metal Al,Ga,_,N contacts imperative. Khan et al. [75]
reported the fabrication of a Cr/Au Schottky barrier
on n-AlGaN. Moreover, Khan et al. [76] studied the
Schottky barrier characteristics of the Au-Al,Ga; N
system. A typical current-voltage characteristic of an
Alp14GaggsN Schottky diode had an ideality factor of
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1.56 under reverse bias and a threshold voltage of about
0.9 V at 0.1 A. The reverse bias leakage current was
recorded to be marginally low (1071 A) for a reverse
bias of —10 V. By using the current-voltage method, the
barrier height and the electron affinity were determined
to be 0.94 and 4.16 eV, respectively. From the C2 vs. V/
plot, the same barrier height and the electron affinity
were deduced to be 1.3 £ 0.05 and 3.8 eV, respectively.
As the AlGaN quality increases, periodic as well as
more in-depth investigations will become necessary to
get an accurate picture of intrinsic parameters. In short,
the current conduction mechanism in metal-semicon-
ductor structures is strongly affected by surface and
bulk states. Deviations from an ideal ideality factor, as
is the case here, indicate such states. The situation gets
more complicated with AlGaN and gets worse as the
AIN mole fraction is increased. Likewise, capacitance—
voltage measurements also are affected by states that are
charged, either by interface states or by bulk states. As is
the case in many facets of research and development,
insights into the metal-nitride contacts will be gained in
an evolutionary manner hinging upon the developments
in nitride layers.

10. Contacts to GaN

Ohmic contacts in power devices are extremely im-
portant because they affect their efficiency as well as heat
dissipation. Initial inferior results helped fuel concerns
that GaN-based electronic devices may not perform
well. Early specific contact resistivities on n-type GaN
using Al and Au metallizations [77] were in the range of
10~* and 10~* Qcm?. Major improvements were realized
by using Ti/Au [78] and TiAl[79], in that specific contact
resistivities in the high 107® Qcm? were obtained with
the latter. Carrying the TiAl contact work one step
further, Wu et al. [80] confirmed that, except at very high
annealing temperatures, the ohmic contact suggested by
Lin et al. [79] functions very effectively. At very high
temperatures, Al of the metal contact melts and tends to
ball up, resulting in rough surfaces and increased ohmic
contact resistances as pointed out already by Lin et al.
[79]. In an attempt to circumvent this difficulty, Wu et al.
[80] designed a separate layer-metallization method
where a realignment and deposition of a second thin Ti
layer, and a 2000 A Au overlayer were carried out.
Specific contact resistivities were in the range of 3.0 x
107°-5.5 x 107° Qcm?, depending on the doping con-
centration in the semiconductor.

In an attempt to obtain improved ohmic contacts,
Fan et al. [81] have designed a multilayer ohmic contact
method. By using a composite metal layer of Ti/Al/Ni/
Au (150/2200/400/500 A), they obtained very low con-
tact resistivities. Specifically, for n-GaN with doping
levels between 2 x 10'7 and 4 x 10'7 cm~3, the specific
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Fig. 24. Least-squares linear regression of the total resistance
between the two adjacent ohmic contact pads in multiple-layer
Ti/Al/Ni/Au ohmic contacts on GaN.

contact resistivities in the range of p, = 1.19 x 10~7 and
8.9 x 10® Qcm?, respectively, were obtained. The re-
sistance Rt between the two contacts was measured at
300 K using a four-point probe arrangement. The con-
tact resistivity p, was derived from a plot of Ry vs. gap
length. The method of least squares was used to fit a
straight line to the experimental data. These straight
lines, and the actual experimental results for both the
alloyed and non-alloyed contacts are shown in Fig. 24.
Calculation of the contact resistivity was based on the
assumption that the semiconductor sheet resistance un-
derneath the contacts remained unchanged, which is not
true for non-alloyed contacts. As for the current con-
duction mechanism in these ohmic contacts, the large
metal-semiconductor barriers diminish the possibility of
thermionic-emission-governed ohmic contacts to GaN.
The alternative mechanism is some form of tunneling
that may take place if GaN is so heavily doped as to
cause a very thin depletion region. Tunneling is possible
if, due to annealing (for example, at 900 °C for 30 s), Al
and Ti along with Ni undergo substantial interaction
with each other and GaN. Investigations showed that Ti
receives N from GaN, forming a metallic layer, while the
lack of N on GaN provides the desired benefit of in-
creased electron concentration through N vacancy for-
mation [82]. Aluminum passivates the surface and also
possibly reacts with Ti to form TiAl.

11. AIGaN/GaN MODFETs

To reiterate, MODFET’s performance is due to the
conduction channel that allows large sheet carrier con-
centrations to be maintained and its unique capaci-
tance-voltage relationship [83]. Moreover, spatial
separation of scattering centers (such as ionized donors)
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from the electrons leads to low field transport void of
ionized impurity scattering. As discussed in detail above,
what is somewhat unique to GaN and its alloys is the
spontaneous and the strain-induced PE polarization that
causes redistribution of mobile and weakly bound
charge and charge collected from metal contacts.

12. Experimental performance of GaN MODFETSs

Initial GaN MODFETs utilized the background
donors in the AlGaN layer, the density of which is not
controllable, to say the least, and any other free and
weakly bound electrons drawn to the interface. Con-
gruent with the early stages of development and the
defect-laden nature of the early GaN and Al,Ga, N
layers, the MODFETSs exhibited very low transconduc-
tances (on the order of 20 mS/mm), and large on resis-
tances. In addition, they also exhibited a low-resistance
state, which was relatively high to begin with, and a
high-resistance state before and after the application of
a high drain voltage (20 V). As in the case of GaAs/
AlGaAs MODFETs, hot electron trapping in the larger
band gap material at the drain side of the gate is pri-
marily responsible for the current collapse. The negative
electron charge accumulated because of this trap-
ping causes a significant depletion of the channel layer,
more probably a pinch-off, leading to a drastic reduction
of the channel conductance and the decrease of the
drain current. This continues to be effective until the
drain—source bias is substantially increased, leading to a
space-charge injection and giving rise to an increased
drain—source current.

With improvements in the material quality available,
the transconductance, current capacity, and drain break-
down voltage have all been increased to the point that
GaN-based MODFETs are now strong contenders in
the arena of high-power devices/amplifiers, particularly
at X band and higher frequencies. As is the case for FET
device structure, improved and high resistivity buffer
layers have once again played a pivotal role. For chro-
nological purposes, a brief review of the latest class of
MODFETs with high transconductances and current
levels is given below.

The first breakthrough of N-MODFETs based on
GaN came in the 1994-1995 time scale in author’s lab-
oratory [71]. These devices with a gate length of 3 um
and gate width of 40 pm, exhibited transconductances of
about 120 mS/mm with low on resistances as they
sported doped AlGaN donor layers and low resistance
ohmic contacts. The I~V characteristics of a typical de-
vice of the kind are shown in Fig. 25. Shortly thereafter,
devices with a gate length of 2 pm, gate width of 40 pm,
and the drain—source separation of 4 pm exhibited drain
currents of approximately 500 mA/mm and extrinsic
transconductances of approximately g.,, = 185 mS/mm.
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Fig. 25. (a) Output I~V characteristics of the first GaN
MODFET, which exhibited respectable performance. The 3 pm
gate device had a gate length of 3 um and sported low resistance
ohmic contacts and low leakage Schottky barriers. (b) Output
I-V characteristics of a GaN MODFET on sapphire with a 2
um gate, which exhibits negative output conductance due to
thermal effects associated with the relatively low thermal con-
ductivity of sapphire.

The drain breakdown voltage for 1 pm gate to drain
spacing was ~100 V, the exact value depending on the
layer design and quality of the layered structure. Soon
thereafter, other laboratories achieved similar results
in similar structures. What is unique to AlGaN/GaN
MODFETs as compared to their GaAs varieties is the
polarization charge discussed earlier. The polarization
issue, particularly the PE variety is used rather liberally.
Very high sheet carrier concentrations observed have
been ascribed to PE polarization. We have to recognize
that ultimately, regardless of the source of the carriers,
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the strength of the electric field that can be accommo-
dated by the semiconductor under the gate without ex-
cessive leakage will set an upper limit on the number of
carriers at the interface. Use of multi-2DEG structures is
one obvious method to increase the current capability
of MODFETs, and they have been employed. In those
cases, the GaN layer is straddled by two doped AlGaN
alloys that donate electrons to the channel, thus in-
creasing the number of electrons available for current
conduction. By Hall effect measurement, the mobility
and sheet carrier densities in the 2DEG were about 304
cm?V~!s7! and 3.7 x 103 cm™2, respectively, at room
temperature. The sheet carrier concentration may have
been affected by the PE effect as well. A number of
double heterochannel MODFETs (DHCMODFETs)
with gate lengths of 1.5-1.75 um and a gate width of 40
pm have been reported.

The maximum drain saturation current /pg corre-
sponding to a drain—source voltage Vps = 7 V, and gate
source voltage Vgs = 3.5 V in a DHCMODFET was
about 1000 mA/mm, which is important because in high-
power devices, the input is momentarily forward biased.
The DHCMODFET had a room temperature extrinsic
transconductance of g, = 270 mS/mm. The value of the
total resistance Rt extracted from the linear region of the
I-V curves was 4 Q/mm. Near pinch-off, the drain
breakdown voltage was about 80 V, indicating excellent
power potential of the device. These measurements were
made in a nitrogen-pressurized container to avoid pos-
sible oxidation of the contacts and probes. These devices
maintain reasonable output characteristics at tempera-
tures as high as 500 °C with maximum drain current and
extrinsic transconductance values of 380 mA/mm and 70
mS/mm, respectively. Cooling to room temperature re-
stored the characteristics, which demonstrates the ro-
bustness of this material system and of the metallization
employed. It should be noted, however, that high power
operation requires large drain breakdown voltages with
the added benefit of having large output resistances,
which ameliorates impedance matching.

The heat dissipation is a major problem, however, in
GaN MODFETs on sapphire substrates as the thermal
conductivity of this substrate is about 0.3 Wem ™' K!,
may be even somewhat lower. To make matters worse,
the thermal conductivity decreases rapidly as the tem-
perature increases. Consequently, devices show a de-
creasing drain current (negative differential output
conductance) as the drain bias is increased, and needless
to say, the power performance is degraded. To overcome
this, one must either remove the sapphire substrate fol-
lowed by mounting the structure on a substrate with
better thermal conductivity, employ flip chip mounting,
or grow the structure on a substrate with better thermal
conductivity. Among the substrates with better thermal
conductivity are Si and in particular SiC. Layers on Si,
however, are not of as high quality as one would like,

which leaves SiC substrates, which are expensive and
suffer from very inferior surface finish due to the hard-
ness of SiC, as the only good alternative. The early at-
tempts in authors’ laboratory to grow GaN layers on
SiC met with difficulty due to the surface damage
roughness, though occasionally very high mobility could
be obtained [84].

Two approaches can be employed to remove the
surface damage. One is a mechanical chemical polish,
which is very slow in coming, and the other is etching in
H and Cl environment at very high temperatures such as
1500 °C. The authors in collaboration with the group of
E. Janzen at Linkoping University were able to H etch
Leyl SiC followed by MODFET growth. These devices
did not exhibit the negative differential resistance char-
acteristic of sapphire substrates. However, SiC sub-
strates prepared by the sublimation method did not
appear to survive this high temperature H etching pro-
cess. Researchers have exploited the in situ H etching
process [85] and HCI etching process [86]. Reports de-
tailing these processes and their effects have appeared in
the open literature already. The I~V characteristics of
the particular device prepared in 1996 on SiC substrates
are shown in Fig. 26. These results were reported in
meetings dealing with the development of high-power
devices and the case was made for SiC substrates as
intrinsically being better for GaN power MODFET
applications. Several groups participating in those
meetings expended a good deal of effort on SiC sub-
strates with initially comparable high-power perfor-
mance to that on sapphire. Other groups later propelled
GaN MODFETs on SiC substrate to their pinnacle with
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Fig. 26. Output characteristics of a 3 pm gate AlGaN/GaN
MODFET grown on Leyl SiC substrate which is void of the
output negative conductance. However, the Leyl substrates are
highly conductive and not well suited for FETs due to RF
shorting/loading. Nevertheless, experiments of this kind serve to
prove the point that the negative output conductance observed
in devices on sapphire is most likely due to heat.
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outstanding performance as will be discussed later. It
should be pointed out that the pitch of gates for a power
FET on a substrate with very good thermal conductivity
can be made smaller than on a substrate with inferior
thermal conductivity. Consequently, the chip size can be
made much smaller in addition to other advantages.

MODFETs have progressed to a point where mi-
crowave measurements have been performed on a vari-
ety of devices with gate length as wide as 2 um and as
narrow as about 0.2 um. A typical MODFET structure
with 2 pm gate lengths has been tested for small-signal S-
parameters performed at bias conditions used for the
power measurements (i.e., 15 V, —=2.5 V, and 20 mA
for the drain voltage, gate voltage, and drain current,
respectively). The unity current gain cutoff frequency
(fr) and maximum frequency of oscillation (fi,.x) were 6
and 11 GHz, respectively, at both 15 and 30 V bias.
Values of fr and fi.x in excess of 50 and 100 GHz have
been reported for short channel (about 0.2 pm) devices,
respectively. As touched upon earlier, devices on sap-
phire substrates suffer from the low thermal conductivity
of sapphire substrates and exhibit negative differential
resistance in the output characteristics. Remedies in-
clude better heat sinking by flip-chip mounting and the
use of high resistivity 4H-SiC substrates, which provide
good thermal conductivity but are hard to obtain.

There have been a few reports of MODFET power
devices on high resistivity SiC [25,28,29] and p-type SiC
[27] substrates with phenomenal improvement in power
handling capability notwithstanding the rapid progress
on sapphire substrates. On sapphire, recent 0.7 pm gate
length AlysGagsN/GaN MODFETs exhibited a current
density of 1 A/mm, three-terminal breakdown voltages
up to 200 V, and CW power densities of 2.84 and 2.57
W/mm at 8§ and 10 GHz, respectively, representing a
marked performance improvement for GaN-based
FETs.

Outstanding power levels were achieved with near-
half-micron gate lengths. With 0.7 pm gate length de-
vices on SiC substrates, where the gate—source spacing
and gate—drain spacing were 0.5 and 0.8 pm, respec-
tively, a total output power of 2.3 W in a device with a
1.28 mm gate periphery has been obtained [28]. The
power gain at the 2.3 W output power point was 3.6 dB
with a power added efficiency of 13.3%. The power
measurement was conducted at a drain voltage of 33 V.
The current and power gain cut-off frequencies were 15
and 42 GHz respectively. The contact resistance, though
not the best, was between 2.6 and 3.5 Qmm. The max-
imum normalized transconductance was 270 mS/mm
and the drain current was 293 mA/mm.

Though, excellent results have been reported by
many laboratories on SiC and sapphire substrates, the
results that represent the pinnacle are those obtained
recently by Nguyen et al. at HRL in devices grown by
MBE. The output -V characteristics of a 0.25 um Al-

GaN MODFET is shown in Fig. 27 and the small signal
current and power gains are shown as a function of
frequency in Fig. 28. DC characteristics include 600 mA/
mm current performance and >60 V drain breakdown
voltage. The current gain cut-off and maximum power
gain cut-off frequencies measured were about 40 and 90
GHz, respectively. The minimum noise figure and the
associated gain of the same device are shown in Fig. 29
showing a minimum noise figure of 0.85 dB at 10 GHz
with an associated gain of 11 dB, which are simply re-
markable. We should mention, however, that even better
results are in the offing.
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Fig. 27. The output I-V characteristics of a 0.25 um gate Al-
GaN MODFET on sapphire fabricated at HRL laboratories.
Note the negative differential output conductance due to the
poor thermal conductivity of sapphire substrate. Courtesy of
Drs. N.X. Nguyen and C. Nguyen.
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Fig. 28. Small signal current and power gains as a function of
frequency of a 0.25 pm gate AIGaN MODFET on sapphire
fabricated at HRL. Courtesy of Drs. N.X. Nguyen and C.
Nguyen.
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Fig. 29. The minimum noise figure and the associated gain of a
0.25 um gate AlGaN MODFET on sapphire fabricated at
HRL. Courtesy of Dr. N.X. Nguyen and C. Nguyen.

The power performance was at 10 GHz from a 1 mm
wide transistor device. This is the highest output power
density reported for a 1 mm or larger power device.
More importantly, the power density remained nearly
constant as the device size was scaled upward from 0.1
mm width, where the power exhibited was 6.5 W/mm,
to 1.0 mm. HRL has developed a growth process using
molecular beam epitaxy (MBE) which has virtually
eliminated material defects common to other reported
GaN devices, thereby enabling the scaling. MBE growth
also produces device characteristics with less than 5%
standard deviation over the 2-in. diameter SiC substrate,
a sixfold improvement over previously reported results.

In power devices, the thermal limitation can never be
eliminated completely as is the case in nitride devices,
particularly when fabricated on sapphire substrates with
a thermal conductivity of only ~0.3 Wcem 'K, In-
clusion of thermal limitations leads to results shown in
Fig. 30 for devices that compete in the high-power de-
vice arena [24,68]. Since new device developments do in
general compete with existing and alternative technolo-
gies, a brief account of competing technologies for
power arena is given below. The Si MESFET analytical
curve, modeled for its simplicity, is slightly above the
SiC analytical curve and indicates a maximum power
density of 0.35 W/mm at Vps =7 V which is slightly
lower than 0.39 W/mm. Since Si RF MESFETs are
unavailable, commercial Si RF metal oxide semicon-
ductor FET (MOSFET) results were used for compari-
son instead. At low voltages, the Si MOSFET data
parallel the analytical curve suggesting the validity of the
functional dependence of power density on drain volt-
age. Also shown are two higher power density data
points 0.4 W/mm, Vps = 28 V and 0.87 W/mm, Vg = 48
V. These higher power densities were obtained with
specially designed RF power MOSFETs that incorpo-
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Fig. 30. Simulated and experimental RF power density data for
Si, GaAs, SiC, and GaN FETs (after Ref. [66]).

rate a lightly doped drain and field plates that signifi-
cantly increase the breakdown voltage.

The GaAs analytical curve shows the highest power
density of all of the devices at the lowest voltages pri-
marily because of the higher electron mobility of GaAs.
However, the low breakdown field limits the GaAs
MESFET’s drain voltage to about 8 V and power den-
sity to 0.63 W/mm including thermal effects. Typical
commercially available GaAs MESFET power densities
are below 1 W/mm. However, high-performance GaAs
FETs with more complex device cross-sections have
achieved power densities as high as 1.4 W/mm at 18 V.
At 100 V, the SiC MESFET has calculated maximum
power densities of 7.96 W/mm with thermal effects and
9.7 W/mm without thermal effects. The highest demon-
strated CW power density, 3.3 W/mm (Vs = 50 V) for a
SiC MESFET [87] is also shown for comparison. Ad-
ditional SiC data again illustrate the functional depen-
dence of power density on drain voltage. The GaN
analytical results are highly dependent on the thermal
conductivity of the substrate. With a sapphire substrate,
the device is severely thermally limited to 2.24 W/mm
at 30 V with a resulting channel temperature of over
400 °C. With a SiC substrate, however, the analysis pre-
dicts that a GaN MODFET could achieve 15.5 W/mm
at 100 V with a channel temperature of about 300 °C.
We should caution that while the power density figure
can be used during the evolution process, eventually the
total power figure must prevail. Normalized power
density measurements, though frequently reported (a
trap the present author also fell into), are often mis-
leading because smaller gate widths naturally lead to
larger power densities. This experimental datum point is
actually slightly higher than the simulated result, possi-
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bly because of the very small size of the experimental
device (100 pm width).

The GaN results of analytical models are highly de-
pendent on the thermal conductivity of the substrate.
With a sapphire substrate, the device is severely ther-
mally limited to 2.24 W/mm at 30 V with a resulting
channel temperature over 400 °C. However with SiC
substrates [66], the analysis predicts that a GaN
MODFET could achieve 15.5 W/mm at 100 V while
keeping the channel temperature at about 300 °C. The
key to further improvements lies with our ability to
control the polarity of the films, to prepare domain free
material, and to reduce defects. If the past few years are
any indication, substantial progress is in the wings.

13. Ultraviolet detectors

The wavelength range of much interest to a first ex-
tent can be divided into IR, visible and UV, each in turn
being divided into subsegments. The UV region is di-
vided into a number of sub-UV regions. These regions
are near UV (400-300 nm), mid-UV (300-200 nm), far
UV (200-100 nm), and extreme UV (100-10 nm) re-
gions. Another scheme classifies these regions as UV-A
(400-320 nm), UV-B (320-280 nm), deep UV (350-190
nm), and vacuum UV (200-10 nm) regions.

Efforts to uncover the properties of UV radiation
began in the latter half of the 19th century with the re-
alization that the radiation beyond the blue end of the
visible spectrum is very important. Spectrographic re-
cords obtained at high altitudes underscored the premise
that shorter wavelength stellar and solar radiations in-
deed exist in the UV radiation range. The enthusiasm
was, however, thwarted soon thereafter with the obser-
vation that the terrestrial atmosphere sets a limit to
about 300 nm on UV light reaching the surface of the
earth. UV radiation of 200 < 2 < 300 nm is absorbed by
the ozone layer enveloping the earth, and the UV radi-
ation of 110< A< 250 nm is absorbed by molecular
oxygen, both of which form the terrestrial atmosphere.
UV radiation with 4 < 110 nm is absorbed essentially by
all types of atomic and molecular gases of the atmo-
sphere rendering it non-existent on the surface of the
earth. These are the reasons why UV region with
A < 200 nm is generally called the vacuum UV region.

In general, UV detectors may be categorized as
photon detectors (photo-detectors) and thermal detec-
tors. The photo-detectors are highly sensitive to radia-
tion and used very widely to measure the rate of photon
arrival. Photon detection is through absorption and
ensuing creation of free electrons and holes, which lead
to a current flow in semiconductors. The change in
electrical energy distribution resulting from this ab-
sorption of photons gives rise to an observed electrical
signal. If they are designed appropriately in a suitable

material, they could respond only to UV radiation of
certain selected wavelengths. Unlike photo-detectors,
the thermal detectors exhibit increased temperature
caused by photon absorption. Consequently, these de-
tectors measure the photon flux and yield (for photons
of certain selected wavelengths) in the form of a change
of certain temperature dependent parameter of the ma-
terial. Essentially, the radiation can be absorbed even on
a black surface coating demonstrating that the thermal
effects in a thermal detector are generally wavelength
independent. These detectors often find their uses as
absolute radiometric standards at UV wavelengths.
Among the other types of detectors, the pyroelectric
detectors rely on the change of the internal electrical
polarization, and the bolometers rely on the change of
electrical resistance.

The photo-electric detectors are known to yield a
greater stability of response and a greater linearity
characteristics. This is achieved by a considerable recent
progress in image recording and processing as evidenced
by the recently developed photo-voltaic (PV) and photo-
emissive array detectors. Interestingly, these two detec-
tors can offer, for the first time, the sensitivity and
radiometric stability of photo-multipliers, which paves
the way to a high-resolution image capability.

14. Principles of photo-detectors

To develop insight into the operation of the device,
we must follow the trail of photons and created elec-
trons. In a photo-cathode device, the photons are inci-
dent on the active region of the material forming the
detector. When these photons impact the solid surface of
the photo-detector material, electrons are emitted into
vacuum providing that the barrier to electron emission is
eliminated preferably by a surface treatment, which
leads to the generation of current. A voltage is applied
between the photo-cathode surface and a positively bi-
ased anode to collect the electron and thus measure the
ensuing current. Clearly, the magnitude of the photo-
current depends on the quality of the photo-cathode
surface. Nevertheless, the photo-electric current flowing
through an appropriate circuit is, in general, propor-
tional to the intensity of the incident photon radiation.
As the surface material plays a key role in the func-
tioning of a photo-emissive UV detector, the wavelength
range of sensitivity is dictated primarily by the absorp-
tion band of the cathode material and to some extent the
work function of its surface.

In all semiconductor photo-detectors, one or more
semiconductor layers are typically grown on a suitable
substrate to form a semiconductor photo-detector. The
simplest of semiconductor photo-detectors is of the
photo-conductive type as shown in Fig. 31. The other
type requires a junction, either a p—n junction variety or
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Fig. 31. A schematic representation of a photo-conductive
detector with critical dimensions and the external circuit indi-
cated.

a Schottky barrier variety as shown in Fig. 32. In both
cases, the light must be allowed to penetrate to the re-
gion designated for absorption. This is accomplished by
either providing a window in the metal (ohmic contact in
the case of the p—n junction or Schottky barrier) or the
metal is made sufficiently thin to make it semitranspar-
ent. The latter is preferred due to series resistance con-
siderations. Heterojunctions can be employed in such a
way to reduce the dark current of the device as well as
getting the photons of desired wavelengths exactly where
the absorptive layer is with minimal photon loss. The
Schottky barrier or the p—n junction then collects the
minority carriers. In the nitride world, the silver lining
amongst all the problems induced by the lattice mis-
matched sapphire substrates is that sapphire is trans-
parent to wavelengths of interest. This lends itself to the
back illumination geometry, which can be used very
conveniently with a Si read out circuitry for imaging as
shown in Fig. 33. Unlike in photo-emissive detectors
(photo-cathode), the photons in semiconductor photo-
detectors are absorbed in the bulk of the semiconductor
material. When the energy of the absorbed photon is
large enough to raise the electrons to the conduction
band from the valence band, they create holes in the
valence band. The electric field present, either due to
the built-in potential or the applied voltage, separates
electrons and holes causing the terminal current to
flow which is proportional to the photon flux. In the
case of PV detectors, the electric field generated
within the depletion region of the device is caused by the
differences in the Fermi levels on either side of the
junction.

The fundamentals of detectors to be discussed below
follow to a great extent reference [88] and relies to some
extent on Refs. [89,90]. The performance of a photo-
detector can be described by electron, J., and hole, J;,
current density equations (two continuity equations for
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Fig. 32. Schematic representations of a p—n junction detector
and a Schottky barrier detector.
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Fig. 33. A schematic of a back illuminated nitride-based de-
tector butted to a Si read out circuit by In bumping.

electrons and holes, and one Poisson’s equation for
electrons and holes):

Je:qDE(%) —qnﬂeGEV) (14)
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where V is the electrostatic potential, Ny is the donor
concentration, N, is the acceptor concentrations, D, and
Dy, are the electron and hole diffusion coefficients, re-
spectively, n and p are the electron and hole concen-
trations, respectively, and ¢ is the dielectric constant of
the semiconductor material. The G-R term in Egs. (16)
and (17) accounts for all possible types of generation
and recombination components which are very impor-
tant, particularly in large band gap semiconductors
where the minority carrier concentration in the quasi-
neutral regions are negligible. The sources for the G-R
current are: SRH recombination, radiative recombina-
tion and Auger recombination, at the very least. Lattice
defects and impurity energy levels within the energy
band gap are the primary causes of SRH recombination.
When Egs. (14)—(18) are solved by a self-consistent it-
erative procedure, they yield the electrostatic potential
V. A reformulation of this V in terms of integral equa-
tions incorporating the necessary boundary conditions
and eliminating the current densities J. and J;, give rise
to the carrier densities from the potential distribution.

The quantum efficiency is a very important parame-
ter as it is a measure of how efficiently the photons are
converted to current. This parameter, 7, is defined as the
number of electron—hole pairs generated per incident
photon radiation in a photo-detector. The photo-con-
ductive gain “g” is another parameter of a detector
(photo-conductive variety) and is defined as the number
of carriers passing through the contact per each gener-
ated electron-hole pair. This gain describes how effi-
ciently the generated electron-hole pairs are used to
create electric current. The spectral current responsivity
of a photo-detector is expressed as the current in am-
peres divided by the incident power in watts required to
generate that current. The expression for the sensitivity
can be constructed by recognizing that for each photon,
ng electrons are generated. Consequently, the respon-
sivity can be expressed as

device current An
Ry = (SR I _ (1), (19)
optical power he
where / is the Planck’s constant, ¢ is the velocity of light,
and ¢ is the electronic charge. If the current gain for the

photo-current and the noise current is the same, then the
current noise resulting from the G-R process is

I, = qg[2Qcr (Av)4.)"* (20)

where Av is the bandwidth in terms of frequency, Qgr is
the areal thermal G-R, Qgr = [t.(G + R)], G and R are
the generation and recombination rates, respectively, 7.
is the thickness of the detector, and A, is the electron
area of the detector. The generation rate G is a combi-
nation of the optical generation rate G,, and the thermal
generation rate Gy,: G = Gop + Gip.

If A4, is the optical area of the detector, then the
normalized signal-to-noise performance of this detector
can be determined by the detectivity, D*. The detectivity
represents the signal to noise ratio when normalized to a
standard size. The D* detectivity is given by

 Ri(4,Av)'?
1,

D" (21)

Eqgs. (19)—(21) yield

) 1/2
ni [ 4,
D =22 22
he { 2QGrA. } (22)

The photon area and electron area of a photo-
detector are generally different from having to make
contact to the semiconductor which blocks the radiation
from reaching the semiconductor. An examination of
Eq. (22) indicates that, for a given wavelength A, and
operating temperature 7, the highest performance of
the photo-detector can be obtained by maximizing n/
[Qcr]"?. If the recombination process takes place in a
region of the device (for example, at the contacts in
sweep out photo-conductors (PCs) or in the neutral re-
gions of the diode types) where the photo-electric gain is
marginally small, the effect of fluctuating recombination
is quite negligible. Because of this, the noise can be low
by as much as 2.5 times and the detectivity will be high
by the same proportion. The generation process with its
associated fluctuation cannot, however, be avoided by
any means. The generation and recombination rates are
equal at equilibrium. Hence assuming 4, = 4., we get

n 1 \2
D= <Gte > (23)

In a photo-detector the optical generation G,, may
be due to the signal or thermal background radiation. If,
for this photo-detector, Gy, is at a level where Gy, < G,p,
then the NEP may be defined by

(4Av)'?
D

NEP = (24)

where A is the area of the device.
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15. Current and voltage response to incident radiation

The photo-conductivity in semiconductors under
steady state excitation can be described by

Ioh = qngAd; (25)

where I, is the short-circuit photo-current at zero fre-
quency (e.g., dc condition), &(1) is the photon flux
density on the detector with an area of 4 = wL, where w
is the width and L is the length of the detector. The term
I is the current measured above the dark current limit
I4:. As the photo-conductivity is a two-carrier phenom-
enon, it is composed of the current generated by elec-
trons and holes. Thus,

wiq(pAn + pyAp)Va
L

In = (26)
where ¢ is the detector thickness which is small as
compared to the minority carrier diffusion length, ¥, is
the applied bias, f, is the electron mobility, g, is the hole
mobility, An =n—n,, Ap=p—p,, n and n, are the
instantaneous and thermal equilibrium values of the
electron concentrations, respectively, and p and p, are
the instantaneous and thermal equilibrium hole con-
centrations, respectively. Consequently, An and Ap are
the excess electron and hole concentrations, respectively.

Nearly in all PCs, the device is designed so that the
conductivity is dominated by electrons, and holes play a
secondary role. Consequently, if the absorption is uni-
form and all the photons are absorbed, the rate equation
for the excess electron concentration is given by

d n®s An
Z(An) = _2r
3 (An)

(27)

t T
where 7 is the excess carrier lifetime, and under steady
state is given by

o tAn
NP

(28a)
which can be obtained from the steady state generation
rate expression of

An _ n®;
Tt

(28b)

Eqgs. (25) and (26) yield the photo-electric (or photo-
conductive) current gain g as

U tAnV,

§= e, (29)

When expressed in terms of the carrier lifetime t, this
photo-electric current gain g is obtained from Egs. (28a),
(28b) and (29) as

Wt T
= TG (30)
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Fig. 34. Responsivity of a GaN PC vs. incident optical power
density measured at 325 nm, HeCd laser wavelength, and 300
and 80 K (after Ref. [100].

where f, is the transit time of electrons between ohmic
contacts. Eq. (30) suggests that the photo-conductive
gain g of a PC is determined by the ratio of the carrier
lifetime t and the carrier transit time #,, of the sample
electrons. When 7 > #,,, an internal photo-conductive
gain results. Since, in general, y, > y,, the photo-gen-
erated electrons traverse through the semiconductor
faster than holes. To preserve charge neutrality, and for
current continuity, the external electrode must, therefore
supply electrons from the opposite side. These new
electrons may move so fast across the detector than the
original holes and cannot recombine with them. If this
happens, a gain is produced which is proportional to the
number of times an electron can transit the detector
electrode within its lifetime. This internal photo-con-
ductive gain could be lower than unity if the recombi-
nation lifetime is short, and that the electron does not
always reach the electrode before recombining with
holes. The transit time for a typical 10 um detector is of
the order of 1071 s for an average velocity of about 107
cm/s. Depending on the detector size, material, and
doping, the photo-conductive gain can vary from less
than one to 10°. The upper limit is, however, restricted
by parameters such as space-charge effects, dielectric
breakdown, and ionization effects. Very high value of
responsivity at lower power densities (see Fig. 34) ob-
tained for GaN PCs suggests that, for these detectors,
the photo-conductive gain was also very high (see Eq.
(29)) and that the quantum efficiency is not low either.

16. Noise in detectors

Detectors and noise are synonymous in that the
minimum detectable radiation power is determined by
the noise floor of the detector. The noise sources can be



H. Morkog et al. | Solid-State Electronics 46 (2002) 157-202 185

categorized into two groups, one being internal to the
detector (resulting from one or more sources) and the
other being the radiation noise due to the environment
(background radiation), both of which are very impor-
tant. In the limit of the minimum radiant power that is
to be detected, all detectors experience a noise wall. The
potential sources of noise are fluctuations in the detector
itself, in the radiant energy to which the detector re-
sponds, or in the electronic system accompanying the
detector. Usually, the signal fluctuations and back-
ground fluctuations are considered to be responsible for
the radiant noise. However, under most operating con-
ditions in the UV, the background fluctuation is mini-
mal, and the radiant noise is dominated by the signal
fluctuations. In a photo-detector, the free carriers always
exhibit random thermal motion, and because of this,
there occurs a fluctuation in the velocity of these carri-
ers, which leads to internal noise. The fluctuations in the
density of free carriers due to randomness in the rates of
thermal generation and recombination also contribute
to the internal noise. There can be four different types of
internal noise in a PC. These are Johnson noise, 1/f
noise, G-R noise, and preamplifier noise. All of these
noise components are expressed in terms of current
across the detector terminals. Noise in the detector helps
set the detectivity. Another term used to account for
noise in the detector is the NEP which is defined as the
optical power resulting in a signal to noise ration of one
for a bandwidth of one. In other words, it is given by
noise divided by the responsivity of the detector.

NEP = noise/responsivity

We should mention that the maximum responsivity
(corresponding to an external quantum efficiency of
100%) reduces with increasing photon energy (decreas-
ing photon flux for a given optical power). The maxi-
mum responsivity values are 0.2906 and 0.2300 at 360
and 285 nm, respectively, with no gain offered by the
detector.

In background limited detectors, meaning when the
background radiation noise is dominant, the NEP is
given by

(31)

24y Av}l/z
n

NEP = hv[

where @p is the total background radiation impinging
on the detector (expressed as background radiation flux
density (photons/scm? nm)) and the detectivity in a PV
detector (operation at zero bias) is given by

D* = R,[(4kT/RoA) + 2¢*n. ®p] "> (cmHz'> W)
(32)

where R, is the zero-bias resistance of the detector. In
cases where the total background radiation is very small

compared to the noise generated in the detector, the
thermal noise limited detectivity is given by

D* = R,(RoA/4kT)"*(cmHz' > W) (33a)

In cases where the detector is background limited,
which solar blind detector seeks to avoid, the detectivity
is given by

D= Rr(zqzl//ext(pb)il/2 (33b)

17. Quantum efficiency in detectors

In a well-designed photo-detector, nearly all photons
penetrating the semiconductor are absorbed and they re-
sult in carrier generation followed by efficient carrier col-
lection. If all of these processes are done to perfection,
the internal quantum efficiency #, for this photo-detec-
tor is nearly unity. However, under usual circumstances,
the actual quantum efficiency which also includes the
reflections and other external losses, is lower than the
internal quantum efficiency #,. This is called the external
quantum efficiency #.,. For example, in a PC there
are slabs of material(s) as well as the top and the bot-
tom surfaces all of which exhibit finite reflection coeffi-
cients r; and r,, respectively. The absorption coefficient
o of the slab is also finite. All these lead the internal
photo-generated charge profile in the y-direction (see
Figs. 31 and 35) to be given [91] by S(¥) = Si1$:(»),
where

_ (=)o
5= T hne(-2) o
and
$2(y) = exp(—ay) + ryexp[—a(2t + y)] (35)

The external quantum efficiency 7 is simply the integral
of S(y) over the photo-detector thickness #:

0= [ s

_ no(1 — r)[1 + rpexp(—at)][1 — exp(at)]
1 — riry exp(—2at)

(36)
If r, = r, = r, the external quantum efficiency is reduced
to

Mo(1 = r)[1 — exp(os)]
1 —rexp(—at)

Next = (37)

In a real photo-detector with a well-designed assem-
bly, the reflection capability of only the top surface is
very important because the intrinsic detector materials
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Fig. 35. Surface and internal photo-reflections indicating the
intensity of the optical signal within the detector. The optical
profile must be multiplied with the absorption coefficient to
arrive at the internal charge profile.

tend to be highly absorptive. This allows a simplification
of Eq. (37) to

Hexe 2 Mo(1 — 1) ~ (1 —7) (38)
18. Surface and bulk recombination in detectors

In a typical PC, there is a finite probability of elec-
tron—hole recombination at the crystal surface. Owing to
this recombination, the total number of steady-state
excess carriers is reduced, and the photo-conductive life-
time, ., then represents the lower limit of the bulk
lifetime, 7, of a carrier. The two lifetimes are related by

Teff X
— = (39)
T 0?3 -1

where

1= O(LD [(A + CBC“’(I — 67”)]
(aDp + s1) {52864 + &g}

ta= Setép
ls = (oDp — $2){s1&a + &}
¢e+¢p
&p =cosh (¢/Lp) — 1 (40)

&5 = (Do/Lp) sinh (1/Lp)
¢c = (Dp/Lp)(s1 + s2) cosh (¢/Lp)
ép = (Dp/Lp)’ + sis: sinh (t/Lp)
Depotty + Dutiofte

Dp =
nofte + Poliy

Note that Dp is the ambipolar diffusion coefficient,
D, and Dy, are the diffusion coefficients of the electrons
and holes, respectively, s; and s, are the surface re-
combination velocities at the front and rear surfaces of
the PC, respectively, and Lp = (D’D)l/ % If the absorption
coeflicient « is large, exp(—af) =~ 0 and s; < Dp. Under
this condition, Eq. (39) is simplified to

ﬂ:(&){SZCfA+€B } (41)
T Lp Lpéc +¢p
Further simplification based on the assumption that
s = s, = s leads to
1 1 2
+ —

= 42
Teff T t ( )

For some nitrides the predominant recombination
mechanism can be indirect, which is mediated by im-
perfection centers in the crystal. These centers act as
recombination centers if carriers reaching such centers
have high probability of recombination with carriers of
opposite nature, and essentially no probability of re-
turning to a nearby band. In contrast, these centers act
essentially as traps if the probability of these carriers to
return to the band is high. When these centers act as
traps, the total time between the excitation and recom-
bination is essentially identical for electrons and holes.
The total time spent out of the traps is, however, dif-
ferent for the electrons and holes, it is only during this
time that the carriers contribute to the photo-conductive
process. An analysis of decaying characteristics of re-
sponsivity as a function of time as well as power density
for GaN photo-conductive detectors (see Fig. 36a and b)
strongly suggests that it is affected by recombination
centers rather than trapping centers. Had it been affected
by traps, there would have been re-emission of captured
carriers with a strong temperature variation of the
emission rate. It is known that, at room temperature,
deep recombination centers located several kT from the
conduction band exist in GaN grown both by metal-
organic chemical vapor deposition (MOCVD) and
MBE. Long response time for the photo-response sig-
nifies that these centers may indeed be responsible for

100 ]
E (@) Low power density 3

i [ T=3.9ms
|
= 107 | .
Z F
(=]
2
9]
~

10 1 1 1 1 1 1 1 ] 1

10° - -

(b) High power density
= F T=2.6 ms
3 E
2107
Z
£
=3
=
8 4
~ 10 | | | | | | | 1 |
0 1 2 3 4 5 6 7 8 9 10

Time (ms)

Fig. 36. Evolution of the photo-response of a GaN PC for low
(a) and high (b) incident optical power levels (after Ref. [100]).
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controlling photo-response in the said photo-detectors.
The response time was very long, because under intense
illumination these centers were emptied with ability to
cause recombination.

19. p—n junction photo-voltaic detectors

Photo-detectors employing p—n junctions with built-
in potential barriers at the junction interface are essen-
tially PV in nature if they are used at or near zero bias.
The principle of operation is through optically generated
excess carrier injection into the vicinity of these barriers.
The built-in electric field then drifts the carriers in the
appropriate direction, depending on the external circuit.
Charge carriers of opposite polarity move in opposite
directions. The PV effect can be created in a number of
ways. These include p—n homojunctions, p-—n hetero-
junctions, Schottky barriers, and metal-insulator-semi-
conductor photo-capacitors. Each of these devices has
its own advantages and disadvantages, and the intended
application plays a large role in determining which one
would be chosen.

Abrupt homojunction is the most common type of a
PV detector. When photons with energy greater than the
energy band gap are incident on the front or the back
surface of this semiconductor, they create electron—hole
pairs in the vicinity of the junction space-charge region.
Minority carriers generated within a diffusion length of
the junction enter the space-charge region where they
are drifted by the strong electric field, as shown in Fig.
37, giving rise to a terminal current as shown in Fig. 38.
The equivalent circuit of a p—n junction photo-diode is
shown in Fig. 39. The total current density of a p-n
junction photo-detector may be given by

J(Va, @) = JIp(Va) — Jpn (D) (43)

where Jp, is the dark current J,, is the photo-current, and
V, is the applied bias. Among them, the dark current
density Jy depends mainly on the voltage ¥,, and the
photo-current, J,, depends mainly on the photon flux
density ¢. The current gain in a PV detector (with the
exception of avalanche photo-diodes) is almost equal to
1, and following Eq. (25) the magnitude of the photo-
current is

Ioh = ngA D, (44)

Using the above equations, the quantum efficiency of
the p—n junction photo-diode can be calculated in a
straightforward manner.

Under the open-circuit condition of a p—n junction
photo-diode, the electrons and holes are accumulated on
the two sides of the junction producing an open circuit
photo-voltage (see Fig. 38). This photo-voltage causes a
current flow through the circuit when a load is con-
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Fig. 37. Schematic representation of a p—n junction photo-de-
tector indicating the depletion region and the electric field
therein.
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Fig. 38. Terminal current through a p-n junction photo-diode
in dark and under illumination.
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Fig. 39. Equivalent circuit of a p—n junction diode where I, and
I represent the photo- and noise-current components, Rj and R
the junction and series resistances, and Cj the junction capaci-
tance.

nected across the diode. The highest value of this current
is obtained if an electrical short is placed across the
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diode terminals. This is called the short-circuit current.
The open-circuit voltage is obtained by multiplying the
short-circuit current by the incremental (differential)
diode resistance R = (01/0V) " at V =V

Voh = 1gAPR (45)

where [ =1(V,) is the voltage-dependent current
through the photo-detector. For many applications,
the photo-detector is operated at zero-bias voltage,
yielding

ar\™!
Ro — (@) (46)

A frequency-dependent figure of merit for a photo-
diode is the Ry4 product as seen in the detectivity ex-
pressions, given by

(47)

where J = I /A4 is the current density.

The photo-diode can be operated at any point along
the I-V characteristic. Reverse bias operation is usually
performed for very high frequency applications, which
assists in reducing the transit time of the device (through
increased carrier velocity) and or allows one to increase
the transit region for reducing the diode capacitance,
and thus the RC time constant. The speed is determined
by a combination of the transit time and RC time con-
stant and a global optimization approach is often em-
ployed.

For p-n junction photo-diodes made of wide band
gap nitrides, the minority carrier concentrations are very
small and thus the diffusion of carriers is not the dom-
inant mechanism for dark current. Several other mech-
anisms must therefore be involved which are more
important. In general though, the dark current is con-
tributed by the bulk of the semiconductor(s), the space
charge region and the surface region. The thermally
generated current in the bulk and the depletion region
arises from (a) diffusion of carriers in the bulk p- and
n-regions which is negligible in wide band gap semi-
conductors, (b) G-R in the depletion region, (c) band-
to-band tunneling, (d) trap-to-trap and trap-to-band
tunneling, (e) anomalous avalanching of carriers, and (f)
ohmic leakage across the space-charge region. On the
other hand, surface leakage arises from (a) surface
generation current from surface states, (b) generation
current in the field-induced surface depletion region, (c)
tunneling induced near the surface, (d) ohmic or non-
ohmic shunt leakage, and (e) avalanche multiplication in
a field-induced surface region.

20. Diffusion current for a p—n junction detector

Diffusion plays a fundamental role in the current
conduction mechanism in a p—n junction photo-detec-
tor. In Fig. 37, which shows a schematic of a p—n abrupt
homojunction, the spatial charge of width w surrounds
the junction boundary x = ¢t. Moreover, there are two
quasi-neutral regions within several diffusion lengths of
the edges of the depletion regions at x, and x, + w,
which are assumed to be uniformly doped. The dark
current is caused by electrons injected from the n-side
over the potential barrier into the p-side and a similar
current due to holes injected from the p-side into the n-
side. The diffusion limited minority carrier current is
important in small band gap semiconductors, but not to
the same extent in large band gap semiconductors as the
minority carrier concentration is negligibly small under
ideal conditions. The current-voltage characteristics for
an ideal diffusion-limited diode is given by

Ip = AJ, {exp (%) - 1] (48)

where J; is the saturation current which, for a thick
quasi-neutral region, is given by

Deno thuO
J, =g =24 2222 49
s q[ . L (49)

When expressed in terms of a one-dimensional device
structure depicted in Fig. 37, Eq. (49) may be written, in
the case where the layer thicknesses are comparable to
the diffusion length, as

_ thpnO Uh + thnpO Un

A L. 7. (50)

where

Xm=t+d—x,—w (51a)
b, h n Ln i h n Ll’l

gy~ U _ncosh (xy/L) +sinh (/L)

" Uw 7y sinh (xy/Ly) + cosh (x,/Ly)

U — Ua _ 7 cosh (xn/Le) + sinh (x, /Le) (51¢)
¢ Ue2 N V2 sinh (xm/Le) + cosh (xm/Le)

Among other parameters, p,o is the minority hole
concentration on the n-side and ny is the minority
electron concentration on the p-side of the photo-
detector under equilibrium conditions; s, is the surface
recombination velocity at the front (illuminated) surface
and s, is the surface recombination velocity at the back
surface of the photo-detector. y, = s;Ly/Dy and y, =
$2Le/D.. Thus it is apparent from Egs. (50) and (51a)—
(51c) that the saturation current density J; depends on
minority carrier diffusion lengths, minority carrier dif-
fusion coefficients, minority carrier concentrations, sur-
face recombination velocities, and junction dimensional
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parameters (e.g., x,, ¢, w, and d). For non-degenerate
semiconductors, the intrinsic carrier concentration,
n = (npopno)l/z, diffusivity D = (kT /q)u, and diffusion
length L = (Dr)l/z, can be used to reduce Eq. (50) to

| 12 12171
J, = (kTq)'/znf{—(ﬁ) +—(@) ] (52)
Ppo \ Te Nno \ Th

where py is the majority hole concentration and 7. is the
electron lifetime on the p-side and ny,o is the majority
electron concentration and 7, is the hole lifetime on the
n-side of the photo-detector. The temperature depen-
dence of the diffusion current is that for n;.

The resistance at zero bias can be obtained by dif-
ferentiation of I-V expression of Eq. (48):

kT

Ry=—
0 q[n

(53)
The RyA4 product, a figure of merit, determined by the
diffusion current is obtained as

dJD)“ kT

(RoA), = (W T ak (54)

21. Quantum efficiency for a p—n junction detector

Three different regions contribute to the quantum
efficiency of a photo-detector: two neutral regions, n-
type and p-type, and the space-charge region. Thus,

N= 1y + 0+ N (55)
where
(l — }")OCLh dLh + v — Uhle"’““ _
_ s ooy 56
UM 22 — 1 Ups %Ln® (56)

1- L ! Vv, — oLe)e” ™ — U,
;/Ip — 4( V)O( e*“(nﬁrw){ (/2 o )e 1 } (57)

OCZL?: —1 Ucz

N = (1= r){e™™ — e’“”“*‘”} (58)

If the loss associated with the optical reflection at the
semiconductor surface is neglected, the external quan-
tum efficiency 7., and the internal quantum efficiency #,
are the same. To obtain a high value for #, in a p-—n
junction photo-diode, the illuminated region of the
junction must be sufficiently thin so that the carriers
generated within this region overcome the junction po-
tential barrier by diffusion and lead to terminal current.
Generally, p—n junction photo-diodes are designed so as
to cause the impinging radiation to be absorbed on one
side (e.g., p side) of the junction (see Fig. 37. This is
achieved in practice either by making the layer thin or by
using a heterojunction in which the energy band gap of

the window layer is larger than that of the absorbing
layer so that most of the incident radiation can reach the
other side of the junction without being absorbed. The
meaning of thin needs to be elaborated on. If this layers
much thicker than both the absorption depth and the
minority carrier diffusion length, while all of the photons
would be absorbed, the minority carriers in whole can
not diffuse across the junction to lead to a terminal
current. On the other hand, if this region is made very
thin relative to the absorption depth, assuming that the
diffusion length is not the limiting factor here, some of
the photon would be absorbed on the other side of the
junction. If the diffusion length is the limiting factor,
then some of the minority carriers cannot make it across
the junction and would not lead to a terminal current.
The net effect is a reduction of the internal quantum
efficiency. If the back contact is several minority diffu-
sion lengths, L., away from the junction, then the
quantum efficiency is given by

a(A)L,

N)=(1-r)———— 59
W)= (1= s (59)
If the back contact is less than a diffusion length
away from the junction, the back contact has zero sur-
face recombination velocity, and no radiation is reflected
from the back surface, then the quantum efficiency

would reduce to

n(2) =1 —=r{l—e?} (60)

where d is the thickness of the p-type region assuming
the top layer to be of n-type. If the front-surface re-
flection is minimized by incorporating an anti-reflection
coating, and the device is made thicker than the ab-
sorption length (for full absorption of radiation), then
the reflection coefficient r would be negligibly small and
nearly all of the photons absorbed. Both features allow
the quantum efficiency to reach its maximum value.

22. Noise in a p—n junction detector

The two fundamental processes, viz., fluctuations in
the velocity of free carriers due to their random motion
and the fluctuations due to randomness of thermal
generation and recombination, are less readily identifi-
able in p-n junction photo-diodes than in photo-con-
ductive detectors. The combined effect of these two
processes is measurable in the form of shot noise for the
minority carriers, which yields the net junction current.
This shot noise is the result of the random motion of the
minority carriers, which gives rise to fluctuations in the
diffusion rates in the neutral regions of the devices and in
the G-R processes both in the neutral regions as well as
the space-charge region. A general theory of noise in p—n
junction photo-diode developed in terms of all possible
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sources of leakage and arbitrary applied bias is not yet
available. An approximate form of the model developed
for an ideal diode is

2 = [2q(Ip + 21,) + 4kT(G; — Gy)] Av (61)

where Ip = L[exp(qV /kT) — 1], v is the bandwidth, G; is
the conductance of the junction, and Gy is the low-
frequency value of G;j. In the low-frequency regime, the
second term on the right hand side of Eq. (61) is negli-
gibly small, and thus for a diode in thermal equilibrium
(e.g., in absence of applied bias and external photon
flux) the mean-square noise current is equal to the
Johnson-Nyquist noise:

I’ = R—OAv (62)
and

V2 = 4kTRy Av (63)
where

Ry = gL, /kT

The mean-square shot noise in the reverse bias is
noted to be half the mean-square Johnson-Nyquist
noise at zero bias. However, this predicted improvement
in the diode noise in reverse bias is not normally ob-
served in devices due to an increased 1/f noise.

23. Detectivity for a p—n junction detector

Typically, the photo-electric gain for a p—n junction
photo-diode is unity, and hence following Eq. (19) the
responsivity is given by

q/n
R = 64
e (64)

Similarly, following Eq. (22) the detectivity or the D*, is

. _an 4 2

b= he |:2q(ID+2[5):| (65)

Under reverse bias conditions and negligible radia-
tion noise, /p tends to —I; and the expression in the
bracket of Eq. (65) reduces to . This suggests that the
performance of an ideal diffusion-limited photo-diode
can be optimized by maximizing the quantum efficiency
n and minimizing the reverse saturation current /. For a
photo-diode, the general expression for the saturation
current due to electrons on the p side is

gADcny \ sinh(0) + . cosh(0)
( L. > cosh(0) + (. sinh(0)

r=

S

(66)

where (. = (s,L¢/D.) and 0 = d/L..

The leakage current can be more easily brought to a
manageable stage by properly treating the inactive side
of the junction, which does not contribute to the post-
signal. For example, if the doping or the energy band
gap of the inactive side is increased, the minority carrier
generation rate and hence the diffusion current will
greatly decrease. If the back contact is several diffusion
lengths away from the junction, Eq. (66) reduces to

_ qADenpO

1,
s L.

(67)

This means that, as the back contact is brought closer
to the junction, the leakage current will either increase or
decrease, depending on whether the surface recombina-
tion velocity is greater than the diffusion velocity D, /L..
In the limiting case where d < L., the saturation current
is reduced by a factor of d/L. relative to that in Eq. (67)
for s = 0, and increased by a factor of L. /d for s = co. If
the surface recombination velocity is small, then Eq. (69)
is simplified to

I; = qGVyr (68)

where G is the bulk minority carrier generation rate per
unit volume, and Vg is the effective volume of material
from which the minority carriers diffuse into the junc-
tion. The effective volume is AL, for L. < d and tends to
Adfor L. > d. Because of this, the generation-rate for p-
type material may be given by
Hpo I’ll2

Gy = . (69)

It is, thus, apparent that the device performance of a
photo-detector is strongly dependent on the quality of
its back contact. In order to alleviate the problems re-
sulting from this back contact, it is advisable to move
the back contact many diffusion lengths away to one
side, and ensure that the back-side surface is properly
passivated. An alternative solution is to design the back
contact in such a way that it exhibits a low surface re-
combination velocity. This can be achieved by intro-
ducing a barrier for minority carriers between the metal
contact and the rest of the device. An increase in doping
concentration or in the energy band gap is a good option
for this barrier. Such a barrier, if realized, will effectively
isolate the minority carriers from regions where the re-
combination rates are high such as at the contacts.

24. Space-charge current in a p—n junction detector

Generally, the space-charge limited current is com-
posed of the G-R current within the space-charge re-
gion, the tunneling current in the space-charge region,
surface current, and impact ionization current. Each of
the components of the space-charge current can be
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characterized by its own current-voltage (I-V) and
temperature—voltage (7-7) dependence. Because of this,
an accurate solution of the problem is to numerically fit
the sum of all the current components to experimental
data over a range of both applied voltages and tem-
peratures from which one can determine all the pertinent
parameters. Below, we will examine these components of
current.

25. Generation-recombination current

Even when the width of the space-charge region is
much smaller than the minority carrier diffusion length,
which is usually the case, the G-R current in this space-
charge region can be more important than the diffusion
current, especially at low temperatures and for large
band gap semiconductors such as GaN and AlGaN.
This is because the carriers are generated in the space-
charge region due to traps, etc., which cause the gener-
ation rate to be much higher than that in the bulk region
of the material. Under reverse bias, the G—R current
may be given by

IGR = qucr Vscr (70)

where Gy is the generation rate and ¥, is the volume of
the space-charge region. If the generation rate is domi-
nated by the generation rate from traps in the space-
charge region, then it may be given by SRH formula as

n?

Gy =——F+—— (71)
n1Teo + P1Tho

where n; and p; are the electron and hole concentrations,
respectively, corresponding to Fermi energy being at the
trap energy, and 7 and 1,9 are the carrier lifetimes in
the strongly n- and p-type materials, respectively. If
ny > p; or vice versa, and the trap level coincides with
the intrinsic Fermi level, then

n;

ser — 2
G =2 1)

which leads the G-R current to be

Wnj
Jor = DY (73)
To

A comparison of Egs. (72) and (75) indicates that the
generation rate Gy, in the bulk is a function of n?/Ny,
while the generation rate Gy, for mid-gap states in the
space-charge region is a function of n;. Furthermore,
unlike the diffusion-limited reverse current, which is
independent of the applied bias above a few kT /q, the
G-R current is weakly dependent on the applied bias.
For an abrupt junction where the depletion depth is pro-
portional to V'/2, it varies as the square root of the

applied bias; for a graded junction (w ~ V''/3) it varies as
the cube root of the applied bias.

26. Tunneling current

Tunneling current is often times the dominant com-
ponent of the dark current. It can be both direct and
indirect. When direct, it arises from the tunneling of
electrons across the junction from the valence band to
the conduction band without the assistance of the in-
termediate traps. When indirect, it arises from the tun-
neling of electrons across the junction from the valence
band to the conduction band with the assistance of
impurities or defects within the space-charge region.
More specifically, the carriers in this process first un-
dergo thermal transitions from one band to the trap
states, and then tunnel from the trap state to the other
band. Because of this, indirect tunneling requires lower
electric fields than the direct tunneling where carriers
need to traverse a longer tunneling distance. Assuming a
triangular potential under the influence of an applied
bias 7, the current Jt resulting from the direct tunneling
of electrons of effective mass m* is

B quV‘; It 1/2 o 4(2m*E§)1/2
T L, P 3qEh

(74)

where E is the electric field, and /4 is the Planck’s con-
stant. For an abrupt p—n junction, it is given by

12
Eo |2 (B y ) (75)
& \ ¢ p+n

An inspection of Egs. (74) and (75) suggests that the
tunneling current is strongly sensitive to the energy band
gap E,, applied bias V,, and the effective doping density
Ny = np/(n+ p). It is, however, relatively insensitive to
the variation of temperature and the shape of the junc-
tion barrier. For a parabolic barrier, the tunneling cur-
rent Jt is

e\ 12
m Eg 1
Jroexp | — g (76)

qhE

27. Surface leakage current

Though the surfaces of GaN-based wide band gap
semiconductors are more stable than other compound
semiconductors, they too exhibit traps and surface states
on the surface due to formation of native oxides [92],
predominantly Ga,0;. As revealed by UV and X-ray
photo-electron spectroscopy and Auger electron spec-
troscopy, the surface of, for example, GaN grown on
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sapphire is contaminated with carbon and oxygen.
These results must be treated with great precaution to
assure that what is measured is not caused by the envi-
ronment in which experiments are carried out. Assuming
care was taken, native oxide such as Ga,0O; together
with some components of a mixed oxynitride of Ga also
forms an overlayer. In fact, it is suspected that due to
growth of GaN on sapphire substrate, which is highly
lattice mismatched to the epilayer, dangling bonds are
present on the GaN surface, and that these dangling
bonds are actually responsible for the formation of the
Ga,0; native oxide layer. What is more, the defects are
present in the bulk of the films, which are inevitably a
good source of increased dark current. While the exact
mechanisms involved in defects participating in the dark
current production are still not clear, all of the afore-
mentioned phenomena including Frenkel-Pool current
must be considered.

Needless to say, a part of the dark current results
from recombination at traps and/or surface states ex-
isting on the surface of a GaN-based p-n junction,
particularly at low temperatures. The SRH recombina-
tion mechanism dominates this recombination creating
minority carriers. These minority carriers, together with
the additional charges existing on the surface and af-
fecting the position of the space-charge region at the
surface, participate in current conduction. Both diffu-
sion and drift are responsible for this current conduc-
tion. Fast surface states also act as G—R centers, yielding
leakage current given by

i cAc
gniwede (77)

Igrs =
To
where w, is the channel width and A, is the channel area.
Surface breakdown mechanism in areas of high electric
field also yields leakage current at the surface. Unlike
the G-R processes occurring at the surface and within
surface channels, this mechanism is largely temperature
independent.

28. Performance of nitride-based detectors

As mentioned previously, the recent serge of interest
in nitride semiconductors is due in part to detectors
which are unique and cover the wavelength band much
below 400 nm. The sun’s radiation in the window of
280-300 nm, is absorbed by the ozone layer, leading to a
dark background, as shown in Fig. 40. Detectors oper-
ative in this so-called solar blind region would not be
affected by the solar radiation, rendering the detection of
missile plumes an easier task. The alloy AlGaN with
about 50% AIN absorbs in the aforementioned region of
the spectrum. A detector operating in this region sees a
dark background that results in reduced radiation noise

and allows the detection of minute emission from certain
threats. UV (solar blind) detectors are imperative par-
ticularly for the military in that they will enable air-
borne, sea borne, and ground equipment to detect and
warn against the ground-to-air, air-to-air, air-to-ground,
and ground-to-ground missile threats. The system, at the
heart of which is a UV detector, must be able to detect
and track extremely weak signals from rapidly moving
threats, which necessitates operation in the solar blind
region of the spectrum, 260-290 nm. There are also
commercial applications such as in boilers and jet en-
gines, but they do not necessarily require operation in
the solar blind region of the spectrum.

The continuing proliferation and increasing lethality
of surface-to-air and air-to-air missiles pose serious
threats to aircraft and terrestrial vehicles. Countering
these threats successfully requires early detection of the
missile launch. One promising method of detecting in-
coming missiles is sensing the UV emissions from the
rocket plume. Particularly at altitudes lower than 20,000
ft, the solar-blind region is ideal for this purpose because
the solar background radiation is almost entirely ab-
sorbed by atmospheric ozone. Thus, the ~3000 K black-
body emission from a missile plume stands out
prominently against a dark background, thereby making
false alarm rates very low.

Such a missile threat warning system requires two-
dimensional arrays of highly sensitive photo-detectors to
image the solar-blind UV spectral range. The current
solution to this problem uses photo-multiplier-type de-
tectors and optical filters to block out all light except
that between 260 and 290 nm. The problems with this
approach are the limited sensitivity due to low trans-
mission through the filters and low quantum efficiency
of the photo-cathodes, the detection of wavelengths
outside the solar-blind region caused by filter roll-off at
wavelengths longer than 290 nm, and the large size and
weight of the photo-multiplier assembly and associated
high-voltage power supply. By comparison, solid state
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Fig. 40. The spectrum of the Sun’s radiation spectrum.
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Fig. 41. Room temperature spectral response of AlGaN, in-
cluding the end binaries, UV photo-conductive detectors
showing a tunable cut-off wavelength from 200 to 365 nm.
Courtesy of M. Razeghi (after Refs. [92,98]).

detectors offer the advantages of being compact and
rugged, having near-unity quantum efficiency, and
having better rejection of long wavelength radiation due
to their sharp UV band edge. Currently, however, no
solid state UV photo-detectors have the sensitivity re-
quired for this application.

Numerous papers concerning GaN and Al,Ga; N
UV detectors have appeared in the literature. The de-
tector structures reported include PCs, metal-semicon-
ductor-metals (MSMs), and PVs (including Schottkys,
p-n junctions, and p-i-ns). These detector structures are
typically grown on sapphire substrates by variations
of MBE and MOCVD methods. Improvements in III-
nitride materials growth and detector processing have
resulted in progressively higher responsivity PV and
PC UV detectors in the last few years [9,10,93-99]. In
the past two years, Al,Ga,;_N/GaN-based detector re-
sponse times have decreased dramatically from the ms to
the ns regime. To illustrate the range of wavelengths that
can be detected by the alloy AlGaN including the end
binary compounds [94,100], we present Fig. 41. As can
be seen, to detect wavelengths of 280 nm or shorter, an
AIN mole fraction of 50% must be employed.

29. Photo-conductive detectors

The photo-conductive detectors are essentially radi-
ation-sensitive resistors. They respond to radiation by
absorbing a photon of energy £ = hv, greater than the
band gap energy E, of the active semiconductor region
and then yielding an electron-hole pair. Under an ex-
ternally applied electric field, these electrons and holes
are separated from each other and cause a change in the
electrical conductivity of the semiconductor, which is
measured in an external circuit (see Fig. 31). The signal

is detected by a change in the voltage developed across
the sample.

In a series of experiments, the photo-conductive be-
havior of some of I1I-V nitrides has been investigated in
some detail. In one of these experiments, visible-blind
UV photo-detectors have been fabricated by using
Al,Ga, N with varying AIN mole fraction [101]. The
active region of the photo-detector was a 0.8 pm-thick
insulating GaN layer deposited on a 0.1 um-thick AIN
buffer layer. Sapphire was used as the substrate for the
structure, and Au, about 5000 A thick, was used as the
contact metal for forming an inter-digitized contact on
the epilayer. Using a standard photo-lithographic pro-
cedure and a lift-off technique, the inter-digitated elec-
trode, about 3 pm wide, 1 mm long, and having a 10 um
spacing, was formed on the epilayer. The purpose was to
ease the measurements of photo-conductive response.
The spectral responsivity R; as a function of wavelength
4 of the photo-detectors is depicted in Fig. 42. As is
apparent from this figure, the peak responsivity remains
at about 100 A/W until the wavelength reaches 365 nm.
The variation of detector responsivity R; as a function of
current / for 254 nm excitation is essentially linear over
five orders of incident power radiation.

In another experiment [102], a GaN film of about 2
um thick, grown by MOCVD on a sapphire substrate
via an AIN buffer layer, was used to measure photo-
detective nature of GaN photo-detectors. The spectral
steady state responsivity of the detector was measured
under an electric field of 3 kV/cm across the GaN region.
For energy E higher than the GaN energy band gap E,,
the spectral responsivity of the detector was rather flat
with a value of about 4 x 103 A/W. Band edge response
dominated by excitonic effect was purportedly respon-
sible for the high value of the spectral responsivity,
which exhibited an abrupt exponential cut-off at energy
E < E,. As a result, at 0.5 pm, the responsivity died
down to 4 x 107> A/W, demonstrating an impressive
wavelength selectivity of the detector for E > E, and
E < E,.

The variation of the photo-conductive responsivity as
a function of incident optical power P at two different
temperatures, 7 = 80 and 300 K, respectively, is shown
in Fig. 34. For this, the excitation was made by a He-Cd
laser (0.325 pm) and the attenuation of the incident
power was obtained by using optical densities. It was
noted that, at low optical densities, the linear increase
in photo-current with optical power leads almost to
a constant responsivity having a value of 4.5 x 10° A/W.
However, in low power regime (P <40 W/m?), the re-
sponsivity decreased with increasing power as P'/?. The
variation of photo-responsivity as a function of time
both at low and high-power densities is displayed in
Fig. 36. It is noted that, in the low power range, the
responsivity decays almost exponentially with time.
However, in high-power range, the decay is almost
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Responsivity (A/W)

Wavelength (nm)

Fig. 42. The spectral responsivity Ri of a series of Al,Ga;_,N
photo-conductive detectors as a function of wavelength with
varying AIN mole fraction, (a) 0.61, (b) x = 055, (¢) x = 0.46
and (d) x = 0.05 (after Ref. [99]).

hyperbolic with less sensitive exponential nature. The
variation of the response time with power density at
various temperatures (see Fig. 34) is also exponential
and that, in the high-power density regime (3 x 10> W/
m?), the response times at various temperatures are es-
sentially identical.

UV detectors of the PV and PC varieties based on
nitride semiconductors have been prepared by MBE
[10,103] and OMVPE (MOCVD) [9]. As is the case for
OMVPE grown materials, UV detectors fabricated in all
MBE-grown materials have shown good quantum effi-
ciencies, NEP, and speed of response. We should make a
brief mention that standard photo-conducting detectors
suffer from large dark current and memory effects. The
long delay in turn-off response has been attributed by
many to majority carrier traps that are relatively shal-
low, a small electron capture cross-section coupled with
a large hole capture rate [99,104] and unique potential
barriers [105]. Munoz et al. [105] argued that the high
gain in PC detectors is caused by a modulation mecha-
nism of the conductive volume in the layer. As carriers
are photo-generated, they are spatially separated by
potential barriers generated by band bending associated
with surface and bulk dislocations. Carrier recombina-
tion and capture are controlled by such potential bar-
riers and an intrinsic non-exponential recovery process,
leading to long delay times and large gains.

Surface-illuminated and back illuminated GaN and
AlGaN/GaN p-i-n UV photo-detectors have been pre-
pared by reactive or gas source MBE and organo-
metallic vapor deposition on sapphire substrates with
excellent performance. The p-i-n structures are generally
grown on C-plane sapphire substrates. Fig. 43 shows the
typical structure of a GaN detector. In the configuration

shown, the light is coupled from the top. The thickness
of the GaN layer can be adjusted for the light to be
absorbed entirely in the top p-type GaN layer or the
lightly and unintentionally n-doped GaN layer (referred
to as the i-layer) or both. AlGaN (AlGaN homojunc-
tion), GaN (GaN homojunction), and GaN with AlIGaN
window varieties have been explored. Fig. 44 shows the
reverse-bias /-V characteristic curves for a GaN p-n
junction detector at several temperatures at and above
room temperature. At a reverse bias of 10 V, the leakage
current is about mid-10~¢ cm~2 which is remarkable for
a semiconductor laden with defects.

Fig. 45 shows the spectral response of the GaN UV
detector similar to that shown in Fig. 44 but with an
Alp12GagggN window layer as measured by top illumi-
nation at normal incidence for zero bias and —10 V bias.
At 364 nm, the spectral bandwidth of the monochro-
mator was =1 nm, and the light intensity on the detec-
tors was approximately 0.06 mW/cm?. A mechanical
chopper modulated the incident light, and a lock-in
amplifier recorded the photo-current from the p-i-n
photo-diode. A calibrated Si photo-detector was used to
measure the spectral intensity of the light source and
convert the measured detector current to absolute re-
sponsivity. As can be seen, the responsivity drops by
more than three orders of magnitude as the incident
light’s wavelength increases from 360 to 390 nm.
Moreover, a reverse bias enhances the response (0.15 A/
W at —10 V) while maintaining the sharp cut-off edge
and low noise characteristics of the zero-bias respon-
sivity. Fig. 46 shows the spectral response of a recent
p-n junction PV detector with a peak responsivity of
0.21 A/W at 356 nm with an internal quantum efficiency
of 82%.

An equally important figure of merit for a photo-
detector is its speed, though certain applications chal-

UV Radiation

p-contact ‘ p-contact
- .

p-GaN
n-contact n-contact
n-
—I GaN li
n*-GaN

”
AIN buffer

c-plane sapphire substrate

Fig. 43. A drawing of the GaN p-n junction detector prepared
by ammonia reactive MBE.
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Fig. 44. Current-voltage characteristics of a GaN p-n junction
detector at several temperatures. The device was prepared by
ammonia reactive MBE. Courtesy of H. Temkin (Texas Tech
University).
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Fig. 45. Spectral response of a GaN UV detector with an
Al 12Gaygs N window layer as measured by top illumination at
normal incidence for zero bias and —10 V bias.

lenge the limits of neither the material system nor the
device structure. The time response for the devices in-
corporating several design features such as all GaN, all
Al,Ga,_,N, and heterojunction types at zero bias were
measured at 355 nm using a pulsed-nitrogen laser and by
monitoring the decay of the photo-current. The expo-
nential decay times of the photo-current of the GaN,
Alpp5GagesN/GaN, and Aly;GayoN p-i-n were found to
be about 29, 22, and 12 ns, respectively, as shown in Fig.
47. Fall times as low as 6 ns have been measured [106].
Generally, detectors exhibit two regimes in the photo-
current time decay. At high excitation intensities, trap
states in the GaN band gap presumably become satu-
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Fig. 46. Spectral responsivity of a PV AIGaN/GaN pin detec-
tor with an internal quantum efficiency of 82% and peak re-
sponsivity of 0.21 A/W. Courtesy of Prof. J. Schetzina (North
Carolina State University).

rated and the detectors are then capable of resolving the
8 ns excitation pulse. At lower excitation intensities, a
longer time response tail dominates the decay. In this
regime, the detectors have a rise time of less than 5 ns
and a fall time (1/e) of =31 ns. The recent speed of re-
sponse data in p-i-n like detectors at a reverse bias
voltage of —10 V are near or under 1 ns, which are
strongly influenced by the series resistance through the
p-layer [107]. When the device was illuminated near the
center of the window away from the contact area,
the decay time increased. The 3-dB point was nearly 1
GHz. A speed of response as low as 90 ps has been re-
ported [108]. We have to reiterate that the speed is de-
termined by convolution of the RC time constant and
the transit time. In this regard, p-i-n varieties provide
low capacitance due to large depletion region and the
transit time can be reduced by the application of a
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Fig. 47. The time decay of the photo-current for GaN,
Alp1GagoN/GaN, Aly;GagyN p-i-n detectors.
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reverse bias voltage, which increases the electric field.
The caveat is that the dark current would increase with
application of a bias voltage if the diode is leaky.

Noise characteristics of the three types of UV de-
tectors (GaN homojunction, Alyp;Gagge;N homojunc-
tion, and Aly;GagoN/GaN heterojunction devices)
measured by the group of Prof. H. Temkin at Texas
Technical University are tabulated in Table 3. Detector
noise for all three devices for small bias values was be-
low the noise floor of the measurement setup. Hence, the
noise characteristics were measured at a reverse bias of
28 V. Also tabulated is the corner frequency f. (i.e., the
frequency where the 1/f noise density is equal to the
shot noise density). The NEP is then found as usual, by
calculating the total rms noise current and dividing it by
the responsivity of the device.

Recently, reactive MBE was used by the group of
Prof. H. Temkin to produce very low noise GaN p-n
junction detectors as shown in Fig. 48. The noise current
density measurements were carried out at a reverse bias
of 10 V and at temperatures ranging from the room
temperature up to 250 °C. A NEP (f > 100 Hz) =
6.6 x 107'* W/Hz!/?> was measured at room tempera-
ture, which is again remarkable.

While GaN detectors have been used a benchmark,
progress in AlGaN detectors continues at various lab-
oratories. Shown in Fig. 49 is the responsivity of such a
detectors with about 300 nm cut-off wavelength along
with the theoretical responsivity curve. The theoretical
one assumes perfect quantum efficiency.

For geometrical convenience, speed; and not requir-
ing p—n junctions, MSM detectors have been explored in
many detector materials and the GaN-based system is
no exception. A schematic representation of a typical
MSM detector structure with biasing, field lines, deple-
tion front profile and band structure are shown in Fig.
50. Back to back Schottky barriers pave the way for very
large dark resistance, [109] unlike the traditional PC
detectors. This leads to low dark current [110], which
really is a must in high sensitivity detectors with low
noise. A dark current of 50 pA at a bias voltage of 10 V
and a responsivity of 0.3 have been reported [109]. The

Table 3
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Fig. 48. Thermal noise current density from a GaN p-n junc-
tion detector as a function of frequency at temperatures ranging
from room temperature to 250 °C. Noise power density for an
ammonia reactive MBE prepared GaN p-n junction diode.
Courtesy of Prof. H. Temkin (Texas Tech University).

rejection ratio is determined by the sharpness of the
absorption edge as is the case in p-n junction and
Schottky barrier vertical detectors. In another report,
several nA of dark current at bias voltages of about 5 V
have been reported along with responsivities of about
0.05 [111]. The MSM detectors are characterized by
their high speed [112] as shown in Figs. 51 and 52.
Shown in Fig. 51 is the time-domain response of an
MSM detector at various bias voltages for 2 um gap
spacing. For a bias voltage of 25 V and without the hole
response, 90-10% decay time is about 200 ps. Shown in
Fig. 52 is the frequency-domain response of an MSM
detector at 25 V bias voltages for 2 um gap spacing. For
a bias voltage of 25 V, the 3 dB frequency is 3.8 GHz.

Despite the remarkable developments detailed above,
true solar-blind detectors with very low noise levels and
signal amplification have not yet been reported. The
ternary AlGaN with large AIN mole fractions would

Noise data for GaN homojunction, Alyo;Gage;N homojunction, and Aly;GagyN/GaN heterojunction devices

Parameter GaN diode AlGaN diode AlGaN/GaN diode
Iy @ -28V 5 nA 7 nA 7 nA

L@ -2V 7 pA 7 pA 7 pA

fe 158 Hz 1683 Hz 1683 Hz

NEP (total) 1.18 x 1071 W 9.1x 10712 W 2.06 x 107" W

NEP @ 10 kHz 2.14 x 10-'* W/HZz!/?

1.25 x 10-'* W/HZz!/?

2.49 x 10~'* W/Hz!/?

Notes: Bandwidth was assumed 30 MHz for GaN and 50 MHz for AlGaN diodes.
Responsivity was assumed 0.07 A/W for GaN and 0.12 A/W for AlGaN diodes.

1/f noise power density at 1 Hz is 8 x 1078 A2/Hz for the Aly;GayoN /GaN diode, 3.8 x 107! A%/Hz for the Aly;Gagg; N diode, and

1.8 x 107> A%/Hz for the GaN diode.
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Fig. 49. Responsivity of an AlGaN p-n junction detector with
a cut-off wavelength of 300 nm. Courtesy of B. Keller of Nitres.
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Fig. 50. A schematic representation of a typical MSM detector
structure with biasing, field lines, depletion front profile and
band structure.

have to be prepared with high quality. If p—n junction
varieties are to be used, high p doping in such a high
mole fraction AlGaN is no easy task and none has been
demonstrated. The low p doping also requires modifi-
cations in the device design in that the large lateral
resistance causes the device area to respond non-uni-
formly. This is in a way similar to the well-known
emitter crowding effect in bipolar transistors. Schottky
barrier varieties may alleviate the problems associated
with p doping. However, if avalanche photo-diodes are
pursued for their much-needed gain, as may be required
by some systems applications, the Schottky barrier va-
ricties may not be as successful as the p-n junction
varieties have been in avalanche photo-diodes based
on conventional compound semiconductors. Moreover,
very little is really known about the ionization coeffi-
cients of electrons and holes in GaN and its alloys. The
calculations are frustrated by the lack of reliable data on
the properties (such as complete band structure) of these
materials. These difficulties should, however, be viewed
as challenges rather than obstacles as has been the case
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Fig. 51. Time-domain response of an MSM detector at various
bias voltages for a 2 mm gap spacing. For a bias voltage of 25 V
and without the hole response, 90-10% decay time is about 200
ps. Courtesy of Prof. J.C. Campbell (University of Texas,
Austin).
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Fig. 52. Frequency-domain response of an MSM detector at 25
V bias voltages for a 2 mm gap spacing. For a bias voltage of 25
V, the 3 dB frequency is 3.8 GHz. Courtesy of Prof. J.C.
Campbell (University of Texas, Austin).

for just about any advancement. These challenges are
being met in the sense that avalanche photo-diodes
based on the GaN system have already been reported. A
reasonable midway set of performance goals would be to
achieve near 80-90% internal efficiency, 10~ W NEP,
higher than 100 MHz frequency response, 260-290 nm
wavelength response, and 107* of peak response relative
to response at 300 nm for AlGaN detectors.

The single-pixel detector development has begun to
give way to arrays for imaging. By combining the
spectral signature and image of the source, one can more
definitively identify its origin. For example, an 8 x §
GaN Schottky barrier photo-diode array for UV imag-
ing having pixel sizes of 200 pm x 200 um, and re-
sponsivity of 0.06 A/W has been reported [113]. A
purportedly RC time-limited speed of response of 50 ns
was reported. In another effort, a 1 x 1§ GaN MSM
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linear array with a responsivity of 3250 A/W at a bias of
10 V with a response time of 0.5 £+ 0.2 ms was reported
[114]. Most recently, near solar blind large array detec-
tors with Si read-out circuitry already in place has been
developed jointly by Prof. Schetzina and his colleagues
at North Carolina State University, Honeywell, Inc.,
and Army Research Laboratories [115].

Specifically, a visible-blind UV camera based on a
32 x 32 array of backside-illuminated GaN/AIGaN p-i-
n photo-diodes has been demonstrated. Each photo-di-
ode in the array consisted of a base n-type layer of
AlGaN (~20%) onto which an undoped GaN layer
followed by a p-type GaN layer was deposited by
MOVPE. Due to backside illumination, double-side
polished sapphire wafers were used for transparency.
The photo-diode array was hybridized to a silicon
readout integrated circuit using In bump bonds. This
visible-blind digital camera is sensitive to radiation from
320 to 365 nm in the UV spectral region. Fig. 53 rep-
resents a demonstration of a visible-blind UV image
from a III-V nitride-based photo-diode array. The im-
age from the FPA (Focal Plane Array) was recorded at
NVL on July 28, 1999.

Despite the remarkable developments detailed above,
true solar-blind detectors with very low noise levels and
signal amplification have not yet been reported. The
ternary AlGaN with large AIN mole fractions would
have to be prepared with high quality. If p-n junction
varieties are to be used, high p-doping in such a high
mole fraction AlGaN is no easy task and none has been
demonstrated. The low p-doping also requires modifi-
cations in the device design in that the large lateral
resistance causes the device area to non-uniformly re-
spond. This is in a way similar to the well-known emitter
crowding effect in bipolar transistors. Schottky barrier
varieties may alleviate the problems associated with p-
doping. However, if avalanche photo-diodes are pursued
for their much-needed gain, as may be required by some
systems applications, the Schottky barrier varieties may
not be as successful as the p—n junction varieties have
been in avalanche photo-diodes based on conventional
compound semiconductors. Moreover, very little is
really known about the ionization coefficients of elec-
trons and holes in GaN and its alloys. The calculations
are frustrated by the lack of reliable data on the prop-
erties (such as complete band structure) of these mate-
rials. These difficulties should, however, be viewed as
challenges rather than obstacles as has been the case for
just about any advancement. These challenges are being
met in the sense that avalanche photo-diodes based on
the GaN system have already been reported. A reason-
able midway set of performance goals would be to
achieve near 80-90% internal efficiency, 10~ W NEP,
higher than 100 MHz frequency response, 260-290 nm
wavelength response, and 10~ of peak response relative
to response at 300 nm for AlGaN detectors.

Fig. 53. Demonstration of a visible-blind UV image from a
III-V nitride-based photo-diode array. The image from the
FPA was recorded at NVL on July 28, 1999. (Courtesy of Prof.
J. Schetzina).

30. Conclusions

High-power field effect transistors and optical detec-
tors based on the GaN material system have been dis-
cussed. The AlGaN/GaN MODFETs with CW power
levels of about 6 W at 10 GHz for 1 mm gate periphery
have been obtained. A minimum noise figure of 0.85 dB
with an associated gain of 11 dB at 10 GHz has been
obtained. As a precursor to solar-blind detectors that
will be operative around 280 nm, where the solar radi-
ation is absorbed by the ozone layer, GaN-based UV
detectors with attractive performance have been dem-
onstrated. GaN photo-diodes exhibited zero-bias re-
sponsivities of about 0.21 A/W at 356 nm, which
corresponds to an internal quantum efficiency of §2%.
The NEP in photo-detectors prepared by reactive MBE
is (f > 100 Hz), 6.6 x 10~* W/Hz'/?, which is extremely
small. Finally, the GaN-based detectors with AIN mole
fractions appropriate for the solar-blind region of the
spectrum have been fabricated into arrays for imaging.
Detector arrays with pixel sizes of 32 x 32 have been
fabricated and tested already. Devices with much better
performance are reported almost on a daily basis, which
bodes well for the wide band gap nitride material sys-
tem.
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