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H. Morkog?, R. Cingolani**, W. Lambrecht?, B. Gil*, H.-X Jiang®, J. Lin*,
D. Pavlidis®, K. Shenai®,

Abstract

Wide bandgap nitride semiconductors have recently attracted a great level of attention owing to
thelir direct bandgaps in the visible to ultraviolet regions of the spectrum as emitters and
detectors. However, this material system with its favorable heterojunctions and transport
properties began to produce very respectable power levelsin microwave amplifiers. If and when
the breakdown fields achieved experimentally approaches the predicted values, this material
system may also be very attractive for switching power devices. In addition to the premature
breakdown, a number of scientific challenges remain including a clear experimental investigation
of polarization effects. In this paper, transport properties as pertained to electronic devices and
potential switching devices, and polarization effects will be treated.
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Introduction:

Gallium nitride and its alloys with InN and AIN are important semiconductor materials with
applications to emitters and detectors (visible to UV range) and high power/temperature
electronics."****®* The production of commercial blue, green and yellow nitride LEDs,
demonstration of CW injection lasers and UV detectors are truly extraordinary.”*® The large
intrinsic dielectric breakdown fields, good thermal conductivity, and favorable transport
properties make nitride semiconductors desirable for high power electronic devices.” For
exampl eilmodulation doped FETs with arecord power density of 6 W/mm have been reported at
10 GHz.

Being non-centro-symmetric, nitrides exhibit large piezoelectric effects when under stress along
the c direction. What is not as appreciated is the spontaneous polarization at heterointerfaces
caused by the ionicity and uniaxial nature of the wurtzite. Polarization causes a sizable red shift
(Stark Effect) in transition energiesin InGaN/GaN ** and AlGaN/GaN"***""" quantum wells.
Polarization and pyroel ectric effects due to heterointerfaces in anionic crystal, misfit and
thermal strain, anisotropy, and temperature gradients have important ramifications in electronic
devices, particulary in modulation doped FETs. For example, electric field caused by
polarization effects can increase or decrease interfacial free carrier concentrations. Asin the
case of quantum wells, the literature interpretation of polarization effects in devices has so far
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been lumped into piezoelectric effects. ™.

Despite highly imperfect material, device performance in both emitters/detectors, and the
microwave amplifiers has been truly outstanding. If the defects causing premature breakdown
were reduced/eliminated, one would wonder whether it would be wrong at all to attempt to
develop power/switching devices with large hold voltages and current handling capabilities. In
this paper, performance advantages of nitridesin vertical high power devices will be visited
along with the topical topic of polarization issues.

Transport Properties as Pertained to Electronic Devices

Transport properties of, namely n-type, GaN and to some extent its related binaries and aloys
have been calculated and experimentally investigated. There are afew noteworthy features,
among which are the high peak and saturation electron velocity in GaN that does not degrade
with doping, and temperature nearly as much when compared to conventional compound
semiconductors. Likewise, the low field mobility does not degrade with field as fast due to the
large LO phonon energy. Very intriguing are the measured low field mobilitiesin modulation
doped structures which are nearly twice as large as the predicted polar optical phonon limited
mobility at room temperature. The optimistic view could be that certain scattering mechanisms
are mitigated in such structures and that the bulk low field mobility in GaN at room temperature
could be as high as some 2000 cm*V™'s™. If so, this would pave the way for much coveted very
low power lossin GaN based amplifiers and switches. Also important are transport properties at
low temperatures. The low temperature electron mobility in modulation doped structuresis
above 7,000 cm’V s’ s, and the electron velocity increases which provide basis for acompelling
argument that cooled GaN based devices utilizing electron transport should be capable of
offering much enhanced performance. Whether to cool or not to cool a given semiconductor
device must be decided following an overall power/size optimization scheme of al the
components that include the power supplies, supporting circuitry, and heat dissipation related
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hardware. Such optimization schemes often lead to suggestions that the system should be cooled
to a certain temperature which bode well for GaN based modulation doped FETSs.

Figures of merit for general power switching applications have been examined and it has been
shown that power devicesin wide energy bandgap materials provide severa orders of magnitude
improvement in power-handling capability”. Compared to Si, calculations for ideal GaN show
that GaN offers more than two orders of magnitude improvement in electrical conductivity per
unit area (s p), and nearly afactor of 10 improvement in maximum power switching frequency
(fmax)- Calculations have also been performed to determine thermal runaway limitations and

results show that a SiC or aGaN PN junction diode can sustain 6X higher junction temperature
rise compared to a silicon diode before catastrophic burnout occurs which shows potential for
device operation above 600°C. Calculations have been performed to estimate performance
improvements for SIC and GaN Schottky rectifiers. These results indicate that nearly afive-fold
reduction in Vg can be expected for 200-V SiC and GaN Schottky rectifiers operating at a

current density of 100A/cm2. Above 200V, silicon Schottky rectifiers are impractical because of
high Vg and increased surface leakage currents. These results suggest the feasibility of

fabricating high performance SIC and GaN Schottky rectifiers with Vgp > 5000V. In addition,

for identical current-handling capability, SiC and GaN devices are expected to be an order of
magnitude smaller in die size, thus offsetting any increase in wafer processing cost.

Heterojunction bipolar transistors based on nitride semiconductors are beginning to receive a
good deal of attention for high power/switching applications. Arguments used above for
rectifiers also apply for HBTs as the requirements for the collector region of an HBT are similar
to those for rectifiers and switches. For example, for a given breakdown voltage, the GaN drift
region can be either much thinner and/or doped much higher as compared to other
semiconductors with smaller breakdown strengths (about a factor 30 compared to Si ). This
would result in low on resistances, and shorter transit times (nearly by two orders of magnitude
as compared to Si), both of which are very much desirable. However, the caveat hereis that
GaN and related semiconductors have not yet demonstrates their intrinsic breakdown strengths,
exhibiting instead premature breakdown. Here as well as above, the discussion is based on
intrinsic breakdown strengths which isjustifiable for prediction purposes and expecting natural
advances in the technology of these materials that occur with time.

Polarization Effects

As adluded to earlier, observations support the presence of electric field in GaN-based
heterostructures. The genesisistwo fold: piezoelectric effects and the difference in spontaneous
polarization between AlGaN and GaN even in the absence of strain. Spontaneous polarization
was only recently fully understood, see King-Smith and Vanderbilt*, Resta”, and Bernardini and
Fiorentini®. Nitrides lack inversion symmetry and exhibit piezoelectric effects when strained
along [0001]. Piezoelectric coefficients are aimost an order of magnitude larger than in
traditional 111-V, see Ref. 24, as shown in the table below. In addition, wurtzite GaN has a
unique axis, thus allowing spontaneous polarization (P, whose values are given below) evenin
the absence of strain. This manifestsitself as polarization charge at hetero-interfaces.
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AIN GaN InN

e, (C/m) 1.46 0.73 0.97
e, (C/m) -0.60 -0.49 -0.57
P, (C/m?) -0.081 -0.029 -0.032
[e,-(C./Ce.] (CIm) -0.86 -0.68 -0.90

Note that these are all in C/ m* and that 1C/m*= 6.25* 10" e/cm’

L et us compare the relative importance of spontaneous polarization to piezoelectric polarization.
For abiaxially strained layer the effective piezoelectric polarization is given by

Pzpi == [e31- (Call Csa) e33] e (1)

Where e =g +¢, isthein-plane strain and C,, and C, are elastic constants. The numerical
valuesfor [e,-(C,/C,)e,] arelisted in the above table using the values for elastic constants from
Kim et al.* and piezoel ectric and spontaneous polarization data from Bernardini et al. For

Al Ga N pseudomorphically strained on arelaxed GaN substrate, the strain e» is expected to be
proportional to x and given by ex=2X(8,.,-8,ca.)/3ca WHich is0.0495x (using 3.112 A for AIN
c-plane lattice constant and 3.189 A for GaN c-plane lattice constant, here x isin the range of O -
1 and depicts the AIN mole fraction in the alloy) and istensile. The piezoelectric polarization is

then P**°=-4.26x * 10 C /cm’ or 2.66x *10* e/lcm’ and points in the [0001] direction. The
corresponding difference in spontaneous polarization between Al Ga, N and GaN is also
expected to be proportional to x and isgivenby P™"=-0.052x (C/m®) or 3.25x * 10" e /cm’.
Note that the two polarization effects have the same sign for Ga polarity and tensile strain in the

aloy and point in the [0001] direction. For anIn Ga,_N layer, the situation israther different in
that the differential spontaneous polarization between In Ga,_ N and GaN is much smaller,
DP*™"=-0.003x which translates to 1.88x *10" e/cm®. Furthermore, the InGa, N layer on GaN
would be under compressive stress ex=-0.195x using 3.533A and 3.189 A for c-plane lattice
constants for InN and GaN. Here x isin therange of 0 -1 and depicts the InN mole fraction, and
P**°=+0.176x or 1.1x* 10" e/cm’. For an InN mole fraction of 0.15, P***= 1.65* 10" e/cn’.
Here the piezoel ectric polarization dominates and is opposite in direction but even larger in
absolute magnitude. In the AlGaN case, the sign of the polarization is such that it produces a
potential energy for electrons sloping down from the Ga face towards the N face. Here Gaand N
faces correspond to polarities where the bonds (single) along the c-directions are from Ga cations
to N anions, and N anions to Ga cations, respectively.

For adiscussion of polarity as opposed to surface termination and definitions of Gaface, N face,
see Hellman®®. Thus for a structure with Ga polarity, the potential will slope down from the
AlGaN surface towards the AlIGaN/GaN interface and will help to drive free el ectrons towards
the interface forming a 2DEG For example, if there is an Ohmic metal contact on the AlGaN
surface, electrons will flow towards the 2DEG below that layer. The most favorable situation for
enhancing sheet carrier concentration would occur for an InGaN (under compressive strain)
guantum well on top of arelaxed n-GaN and below a AlGaN barrier (under tensile strain) with
the entire structure having cation (Ga) polarity. In that case, the field will slope down towards
the InGaN/AIGaN interface in the quantum well and will help localize the carriers in the 2DEG.
Note that the piezoel ectric polarizations estimated here are based on the theoretical values for
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perfectly insulating material. The field will be screened by the carriers present in each layer. For
example, if carriers flow from ametal contact towards the 2DEG, then thiswill set up a
counteracting field. The equilibrium self-consistent field is ultimately determined by the
regquirement that the chemical potential for electrons (i.e. the Fermi level) must be constant
throughout the structure and thus depends on the doping and band bending in the substrate and
possibly in each of the layers. At the least, one may expect these fields will be reduced by a
factor corresponding to the macroscopic dielectric constant, i.e. afactor of order 10 but possibly
larger if the layers acquire conductivity by free carriers. So, a more realistic expectation for the
effects on sheet carrier concentration is of order 10*-10" e/cn’.

In traditional device structures lacking polarization effects and for a uniform dopant
concentration one obtains parabolically varying potentials with distance, whereas here there are
linear terms due to the polarization on top of the parabolic terms. These linear terms lead to
variations of the potential 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 carriersif the polarity of the structure is chosen properly. Some further words of
caution about the above estimates are needed. If the AlGaN layers are not pseudomorphic but
partialy relaxed (by misfit dislocations for example), then the piezoel ectric effect would be
reduced but the spontaneous polarization would not. If the interfaces are not atomically sharp but
exhibit a certain degree of interdiffusion then the differences in spontaneous polarization would
be reduced as well if such grading occurs over alarge thickness. Finally, if domains with
inverted polarity exist then the overall polarization effects may be washed out. Also note that in a
inverted structure with N polarity towards the surface, it may be possible to create a2DHG
(hole-gas) at the AlGaN/substrate GaN interface, but if an-type GaN layer is placed on top, a
2DEG may form on top of the AlGaN layer.

Anisotropy in wide bandgap semiconductors is expected to cause thermal stimulus and thermal
gradients. The latter is quite likely in devices where the junction temperatures are high against a
relatively cool bulk. In such a case, the thermally induced electric field, pyroelectric effect,
would be present with effects similar to those described above.” This phenomenon has not been
studied in detail in nitride semiconductors. Contrary to this lack of attention, the electric field
generated by thermal gradients, occurs readily in power devices, is comparable to the fields
caused by applied voltagesin nitride based FET like devices.

Polarization Effectsin Device Like-Structures

While physics appears to be converging, reports on FETs appear to suggest that free carriers can
be provided by polarization and that the experimental results agree with theory.”” Results
obtained in our laboratory, in conjunction with band discontinuities, with respect to polarization
effects point to the importance of spontaneous polarization ordering of the barrier layer with
respect to the smaller bandgap material, and polarization in general .*** The polarization charge
can be screened by to weakly bound and free carriers present in the system which may aid or
hamper device effort. The complicating factor in nitridesisthe lack of polarity control, Gaor N
polarity, and lack of uniform polarity meaning presence of inversion domains.

As aresult of polarization, the static potential at the GaN/AIN interface is different from that at

the AIN/GaN interface giving rise to interface charge larger than the charge densities used in
devices. A substantial level of effort has been expended toward determining band
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discontinuities, but the field isin desperate need of more in depth investigations in improved
structures. The observed asymmetry in AIN/GaN and GaN/AIN interfaces caused by
spontaneous polarization is within the experimental errors of Martin et a. Inversion domains
combined with any strain in nitride based films lead to flipping PE fields with untold adverse
effects on our ability to characterize the filmslet aone exploit this phenomenon for devices.
Such flipping field would also cause much increased scattering of carrier asthey traversein the
c-plane. Simply put, identical device structures with different polarity layers would have widely
differing performance underscoring the importance that these issues will have to be investigated
and reconciled. The polarity mixing from one domain to the other causes the PE induced electric
field to flip, causing a variation in the sheet 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.

Polarization effects manifest themselves in quantum wells as Stark effect. Time resolved

photol uminescence measurements performed in GaN/AlGaN MQWsindicated that temporal
evolution of the A exciton peak undergoes ared shift as the recombination depletes the excess
carriers. If one assumes that the red shift is due to polarization induced field, one can determine
the intensity of thefield. The picture may be more complex and or suffer from variation in
samples as blue shift too has been observed which may have to do with interwell excitons and
oblique excitons.” Though controversia, in lasers the injected carrier concentrations even at
transparency are comparable to polarization induced charge, 10° cm?, which means the PE
induced field is screened. However, the PE effect reduces the gain at lower injection levels due,
among others, to reduced oscillator strength.

Recent experimental results support that the built-in field originates primarily from the
spontaneous polarization charge formed at the GaN/AlGaN interfaces with a minor contribution
from the piezoelectric field induced by the strain (either lattice mismatch and thermal strain) as
has been predicted. The experiments reveal that the fundamental transition of the quantum wells
occurs at an energy well below the bulk GaN gap for well width larger than 3 nm (for the
specific case of GaN/Al,,.Ga,N). Care was taken to assure that the transitions observed are
intrinsic origin by performing two-photon absorption experiments with approximately half-gap
excitation (2zaw » E,_,) and observing that linear and non-linear PL lead to same transition
energies. The total polarization charge can be writtenas P, =P, +P_  where P, isthe
piezoelectric charge caused by the lattice mismatch (Im) strain and by the thermal strain (ts)
[Pieo- P + P, Whereas P__, represents from the spontaneous polarizability of the
GaN/AlGaN interface, as clearly demonstrated by the recent works of Bernardini et al. For an
alternating sequence of wells (w) and barriers (b) the total electric field in the well can be

caculated as

FW: '4p Lb(pNtot- Pbtot) / (Lwe b + Lbew)
Fb: -4p Lw(Pbtot- Pwtot) / (Lbe w + I‘we b) (2)

Wheree isthe dielectric constant of the particular layer. The piezoel ectric charge induced by the
in-plane lattice mismatch can be found from Eq. 1 using the in-plane strain for AIGaN/GaN as

e =2X(acan-aaican)/@aican Where the AlGaN is pseudomorphically strained on arelaxed GaN
substrate. Thick GaN buffer layers ensures that the GaN quantum wells are not under misfit
strain. Moreover, since the Al ,.Ga, N layers are thin and grow pseudomorphically,” they
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undergo atensile in-plane strain e = 0.742%. Thisresultsin a piezoelectric polarization charge
P" =0inthewellsand P’_= -3.99 *10” ecm” inthe Al .Ga, N barriers. The thermal strain
amounts to some 0.03%, resulting in an additional polarization charge of the order of P" =+
2.57*10" ecm®. For spontaneous polarization, we take the recent data of Bernardini et al.
leading to P’ = -1.81 *10” ecm” and P’ = -7.64 * 10" ecm”, the Iatter value being obtained by
linear mterpolatlon of the GaN and AIN values (P_= -5.09 *10° ecm’in AIN). Thediffrential
spontanous polarization between the Al, ,Ga, ;N barrier and the GaN well is then -5.83* 10"
ecm”. By using these data and eq.(2) one can calculate the built-in field in the different samples,
which turns out to vary in the range 1-3 MV/cm depending on the actual well width. Neglecting
high-field effects and corrections for self-consistency, the red-shift caused by the built-in field in
the wells is given by the quadratic Stark effect. **

The measured ground level transition energies and those calculated in the square well
approximation with inclusion of the Stark shift are in very good agreement. The agreement
between theoretical and experimental datais very reasonable, especially if we take into account
that the nominal growth parameters were used in the calculations, without any fitting parameter.

The agreement between the calculated and measured data can in fact be substantially improved
by the use of a self-consistent tight-binding (TB) model.”” The tight-binding mode! is used to
describe the electronic structure in the entire Brillouin zone, up to several eV above the
fundamental gap, thus overcoming the well-known limitations of the envelope function
approach. For the specific case of nitride semiconductors, the parameters of our empirical TB
model were determined by fitting the band-structure of ref. 38. For the self-consistent
calculations the electron and hole quasi-Fermi levels are calculated for agiven photo-injected
charge density. The resulting electron and hole distribution functions (nand p, respectively) are

used to solve the Poisson equation. The Poisson equation is solved assuming zero-field at the
boundaries. The obtained potential is thus inserted into the TB Schroedinger equation that is
solved to get the energies and wavefunctions. The new quasi-Fermi levels are thus recal culated
and the procedure isiterated until self-consistency is achieved. The agreement between the self-
consistent calculations and the experimental datais very good both in terms of the trend and
absolute values.

In conclusions, GaN and related materials exhibit transport characteristics that are very well
suited for electronic devices based on electron transport as evidenced by the recent high power
MODFETs with record power performance supplanted all the other competing semiconductors at
microwave frequencies. Assumes that some day the intrinsic dielectric breakdown strength can
be achieved, applicable figures of merit for switching/power device indicate that nitrides would
be equally successful. Finally, recent theoretical and experimental investigations indicate that
polarization induced charge isimportant in nitride semiconductors with device implications and
that spontaneous polarization is dominant over strain induced piezoel ectric polarization in typical
GaN/AlGaN. This dominance would increase if the AlIGaN grown on GaN relaxesin full or in
part. However, the differential spontaneous polarization between GaN and InN is much smaller
than that of GaN/AIN interfaces. Assuming that the InGaN on GaN isfully strained, the

piezoel ectric component of polarization would dominate. Full or partial relaxation of InGaN on
GaN due to defects would reduce this polarization as well. For now, optical transitionsin
GaN/AlGaN quantum wells investigated support the assertion that spontaneous polarization is
dominant and must not be lumped with piezoel ectric polarization.
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