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Abstract: — An extreme bandgap AlosiGaossN quantum channel HEMT with Alos7GaosN top and
back barriers grown by MOCVD over bulk AIN substrate demonstrated a critical breakdown field
of 11.37 MV/cm, higher than 9.8 MV/cm expected for the channel AlocsGaossN material. We show
that the fraction of this increase is due to the quantization of the 2D electron gas. The polarization
field maintains electron quantization in the quantum channel even at low sheet densities in contrast
to conventional HEMT designs. An additional increase in the breakdown field is due to quantum-
enabled real space transfer of energetic electrons into high-Al barrier layers in high electric fields.
These results show the advantages of quantum channel design for achieving record high breakdown
voltages and enabling superior power HEMT devices.

Keywords: HEMT, AlGaN, quantization, breakdown field, mobility.

1. Introduction

Ever since their emergence in the 1990s and early 2000s [ 2 3 4, 5, 6] GaN High Elec-
tron Mobility Transistors have demonstrated superior performance for high voltage [7 &
9 10], high frequency ['* 12 13 4], high temperature ['> 6] operation, and excellent radiation
hard potential ['718]. The prime reasons for their superiority for operation in extreme
environments are a wide energy gap leading to a high breakdown voltage and polariza-
tion doping [ 20 21 2] supporting large sheet electron densities in the HEMT channels. A
high polar optical phonon energy in GaN (91.2 meV [% 24 25] compared to 35 meV for GaAs
[26 2. 28]) and screening of impurity scattering by a large electron density in the device
channel ensure a high field effect mobility, especially in the on state, and lead to a low on-
resistance for long [? 30 31 32 33 34 3537] and short channel devices.[*]. In this paper, we
show that these advantages could be dramatically enhanced using the Quantum Channel
HEMT (QC-HEMT) design. QC-HEMT incorporates a thin channel comparable sand-
wiched between the top and bottom wide bandgap barriers. Fig. 1 compares conventional
HEMT and QC-HEMT designs.
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Fig. 1.Conventional (a) and QC-HEMT (b) designs. QC-HEMT in Fig. 1(b) can have GaN
or AlGaN channel (GaN channel is shown).

In contrast to conventional GaN HEMT designs, the shape of the potential confining
two-dimensional electron gas (2DEG) in QC-HEMT is determined by both the polariza-
tion field and bandgap discontinuities at the top and bottom barrier interface. Carrier con-
finement in the HEMT 2D electron gas (2DEG) channel affects most device performance
parameters. Strong electron confinement reduces trapping and related gate- and drain
lags, increases channel mobility, and helps achieve lower contact resistance. However, in
conventional single heterojunction HEMTs, band diagrams flatten out at gate voltages
close or below the threshold reducing or eliminating electron confinement. As we show
in this work, in addition to maintaining confinement, the quantization of 2DEG in the QC
design enables the effect that we call quantum real space transfer (QRST). QRST leads to
achieving breakdown fields exceeding those predicted by the material properties of the
device channel.

The QC HEMT advantages could be greatly enhanced using Extreme bandgap (EBG)
semiconductors with bandgap energy exceeding 4 — 5 eV, such as AlGaN with Al-fraction
x>0.6. These devices show strong promise for achieving record high breakdown voltage,
high-temperature operation, radiation hardness, and chemical stability. [%9, %, 4, 42, 4, 4,
45/ 46, 47]

For high-power III-Nitride EBG devices, the choice of substrate has critical im-
portance. Substrate lattice matching to device active layers is needed to avoid strain relax-
ation and defect generation. Bulk AIN is thus the best choice of substrate for high-Al Al-
GaN devices [ 4 % 51 52, 53] and we employ it in our design. Bulk AIN substrate also
has high thermal conductivity to provide efficient thermal management of high-power
devices.

2. QC-HEMT design and key properties
2.1 Band diagrams and Energy states

Fig. 2 shows the energy band diagram of conventional AlIGaN/GaN HEMT in compari-
son with QC HEMTs with different channel-barrier configurations. The band diagrams

have been obtained using a 1D Poisson simulator by G. Shnider
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Fig. 2. Conduction energy band E¢ diagrams of conventional HEMT and QC-HEMTs with different channel-barrier con-

figuration as shown in the table 1 below. Vg and Vrry are gate and threshold voltages correspondingly. The EBG HEMT
in Fig.2(d) is included for comparison with experimental data discussed later in this paper.

Table 1

Details of device structures shown in Fig. 2

The position of ground state energy Eo above conduction band edge Ec was found using Eq. 2

below and from 1D Poisson simulations >
Conventional Thin channel AlGaN/GaN/AlGaN| EBG AlGaN
HEMT QC HEMT QC-HEMT QC-HEMT

Channel material GaN GaN GaN AlpesGag 3sN
Channel thickness - 20 A 500 A 1000 A
Al fraction in 25% 25% /25% 25% /25% 87% / 87%
top/back barriers
Ground state Eg loca- - 0.54 eV 042 eV 0.15eV
tion above Ec at
VerV1H

As compared to conventional HEMT Fig.2 (a) QC HEMT design Fig.2 (b-d) leads to two
important results: first, the two-dimensional electron gas in the device channel is con-
fined even at gate voltages close to the threshold and second, the ground state in the

quantum well remains above the bottom of the conduction band in GaN.

As seen from Fig. 2, in conventional HEMT, the band diagram at the gate voltage V¢ close
to the threshold voltage Vru flattens out and thus electrons are not confined in the vicin-
ity of the barrier-channel interface. On the contrary, in QC-HEMT the band diagram
maintains its profile in the entire V¢ range from 0V to Vtu. Note that the triangular shape
of Ec profile is maintained in a broad range of QC-HEMT channel thickness from 20A to
1000 A for devices examples shown in Fig. 2. This is due to the fact that the Ec profile is
mainly determined by not only by conduction band discontinuity but also by electric
field due to polarization charges at top and back barrier — channel interfaces. As long as
the barrier and channel materials are not relaxed, this field maintains the QC-HEMT Ec

profile.

It is important to point out that as long as the channel material is not relaxed and hence,
the Ec profile maintains the triangular shape, the effective thickness of the channel is
determined by the QW thickness at the level of ground energy state Eo, not by the total
channel thickness. This is illustrated by an example Ec profile for 500A QC HEMT in Fig.
3a. At the gate voltage close to threshold, the ground state energy level Eo=-0.017 eV
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below Fermi level. At this level, the effective width of the QW is around 10 A. As we 94
show below, in our experimental QC HEMT with 100 nm thick channel, the relaxation 95

level is as low as 3.9%. 9

Better electron confinement in QC-HEMT in comparison with conventional HEMT isil- 97
lustrated in Fig. 3b. For this comparison, we used an example of QC-HEMT with 500 A - 98
thick channel. This channel thickness is much higher than the characteristic width of the 99
2DEG profile (around 30 A). As described above, the confined shape of the 2DEG is due 100

to strong polarization filed in the channel. 101
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Fig. 3. Conduction band Ec profile (a) and electron density profile (b) at Ve~ Vmu for QC-HEMT with 5004 103
thick GaN channel between 25%-Al top and back barriers. For comparison, Fig. 3b also shows electron density ~ 104

profile for conventional HEMT at Ve~ Vru 105

The ground state energy Eo can be estimated as 5 106
#2\1/3 r3n 2/3 2/3

Eo=(5)  (EdFuy) (ng+3/4) (1) 107

where 14 is the quantum number (115 =0 for the ground state), and Fefis the effective electric 108
field in the channel. Our simulations show that, just like for Si MOSFETs [*] the effective = 109

electric field in the conventional HEMT is approximately 110
_Fi_ an
Fopp ~ ?' = ZG;, 2) 111

Here Fi is the electric field at the barrier-channel interface, #s is the sheet electron density 112
in the channel, &1is the dielectric permittivity of vacuum, and £=8.9 is the GaN dielectric 113

constant. Factor 2 in the denominator accounts for the band bending. For the QC HEMT 114
Ferr = Fg + %, where F; is the polarization field that depends on the molar fractions of the 115

cladding layers and the QC thickness. We used a self-consistent solution of the 116
Schrodinger-Poisson equation to estimate Fs = 108 V/m. We have also found the ground 117
energy states for QC HEMT using a 1D Poisson simulator by G. Snider > and obtained 118
very close results (see Table 1). 119
Fig. 4 compares the dependencies of the ground state energy Eo above the bottom of the 120

conduction band on the sheet carrier concentration 7 for the conventional HEMT (Fig. 2 121
(a)) and for the QC HEMT with a 20A thick channel (Fig. 2(b)) generated using Egs. (1-3). 122
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Fig. 4. Dependencies of the ground state energy Eo above the bottom of the conduction band on the sheet carrier ~ 124
concentration ns for the conventional HEMT and the QC HEMT with a 2 nm thick channel. 125
126

As seen, in conventional HEMT at gate voltage close to the threshold, (ns=>0), the ground 127
state energy practically coincides with the bottom of conduction band E.. In contrast, in 128
QC-HEMT, the ground state energy remains well above E. in a broad range of 2DEG den- 129
sities. This QC-HEMT feature makes an important impact on the device breakdown field. 130

A. Breakdown field in QC-HEMT 131

As seen, the position of the lowest quantum state Eo in the quantum channel device re- 132
mains practically constant even at #s at the gate voltage close to the threshold. This is 133
equivalent to the effective increase in the energy gap by Eo. Note that for the breakdown 134
field consideration, the device parameters at the gate voltage close to the threshold are 135
particularly important. The analysis presented in reference 5 shows that the breakdown 136
field, Fcr, is approximately proportional to Ec?5, consistent with the experimental data 137
presented in . For QC-HEMT, the effective energy gap Ecsr= Ec+ Eo. For the QC-HEMT 138
example of Fig 2(b), Ec =3.39 eV, Er=0.45 eV at gate voltage close to the threshold, and the 139
resulting increase in an Fsr is around 36%. 140

The power dependence of Fcr on Ec can be understood by considering the ionization en- 141
ergy an ionizing electron must acquire Fgpd = aE; to generate an electron-hole pair 142
(o>1). Its mean free path 1 = v, 7~7/m'/2. Here v,,~1/m/?is the thermal velocity, m is 143
the effective mass (inversely proportional to Ecaccording to the Kane model). The scatter- 144
ing time 1 is inversely proportional to the optical phonon energy, which, in turn, is pro- 145
portional to Ec resulting in Fop~EZ®. 146

147

Strong electron confinement in QC-HEMT may lead to another important effect resulting 148
in further Fgr increase. As shown in # at high electron energies, real space transfer of hot 149
electrons from the quantum well into the barrier should occur. Electron distribution in 150
QC-HEMT in Fig. 3 shows that strong electron confinement leads to a significant fraction 151

of electrons penetrating the top barrier. 152
153

Therefore, it is reasonable to expect that at a high electric field, a large fraction of the chan- 154
nel would experience quantum transfer to the top barrier. Since the top barrier is made of 155
material with a larger bandgap (in our example, it is AlIGaN with 65% Al), a further sig- 156
nificant increase in the effective breakdown field Fsr is expected. This effect requires fur- 157
ther theoretical and experimental studies. 158

B. Electron mobility in QC-HEMT 159

Strong electric confinement in QC HEMT leads to a smaller 2DEG effective Ad thickness 160
than it is for a conventional HEMT. The Ad could be estimated as the ratio of the ground 161
state energy over the electric field at the heterointerface: 162
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Eg
qF;

Ad ~ 3) 163

Hence, bulk (volume) electron density for the same ns value is higher in QC HEMT as 164
compared to conventional HEMT. Fig. 5 shows the volume electron density as a function 165
of ns in conventional and QC HEMT calculated using Egs. (1 - 3). 166
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Fig. 5. 2DEG volume electron density as a function of n,in conventional and QC HEMTs 168

169

As seen, for conventional HEMT, volume electron density rapidly decreases as ns de- 170
creases, i.e., as the gate bias approaches the threshold because the effective width of the 171
2DEG Ad in conventional HEMT rapidly increases as the gate bias approaches the thresh- 172
old; 2DEG confinement nearly disappears. In QC HEMT, the volume electron densityisa 173
much slower function of ns. A relative increase in volume density leads to better screening 174
and less impurity scattering, hence to higher mobility. Fig. 6a illustrates this expected im- 175
provement extracted from the measured data.” Experimental confirmation of mobility in- 176
crease due to better confinement in double heterostructure (DH) HEMTs has been ob- 177
tained earlier in . This data is shown in Fig. 6(b). The field effect mobility in III-Nitride 178
HEMTs depends on many factors such as interface roughness, defect concentration, strain, 179
alloy scattering, and dislocation density. However, strong scattering screening due to 180
higher concentration should result in higher mobility in any HEMT. QC HEMT witha?2 181
nm thick channel exhibits nearly 10 times higher electron confinement than in the DH 182
HEMT reported in . 183
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Fig. 6. (a) Expected mobility increase in QC HEMT; (b) experimentally observed mobility increase in double-
heterostructure (DH) HEMT.

In thin channel devices with tight 2DEG distribution, there are also mechanisms
lowering electron mobility, such as an increased phonon scattering ¢ and alloy disorder

scattering ¢

2. Experimental validation of QC HEMT breakdown field enhancement

2.1. Material growth and device fabrication

Pseudomorphic AloszGao.1sN/AlossGaossN/Alos7Gao1sN HEMTs with SiO: gate insula-
tor were grown on a single crystal bulk AIN substrate low-pressure metalorganic-chemi-
cal vapor deposition (LP-MOCVD) %. The 2 x 2 um? AFM scan of the AIN substrate shows
uniform parallel steps with root mean square (RMS) roughness ~0.089 nm. The LP-
MOCVD growth was carried out at 1100 °C and 40 torr using trimethylaluminum (TMALI),
trimethylgallium (TMGa), and ammonia (NH3) as the precursors. The epilayer structure
and device design are shown in Fig. 7. The structure consisted of a 260 nm epitaxial AIN
layer followed by a 140 nm Alos7Gao1sN back-barrier, a 100 nm AlossGaossN channel layer,
and a 23 nm thick Alos7Gao1sN barrier layer. To facilitate ohmic contact formation, the
structure was capped with a 30 nm thick highly Si-doped reverse-graded AlxGaixN (x =
0.87 — 0.40) layer. The Reciprocal Space Mapping of (105) reflection shows the epilayer
relaxation of 3.9% (Fig. 7b). More details can be found in ¥. Note that low relaxation level
in the material supports the assumption of triangular conduction band profile in QC
HEMT.
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209

Fig. 7. Schematic cross-section (a) and Reciprocal Space Mapping of epilayer structure (b) of 210
AlossGaossN channel insulated-gate Esc HEMT 340, 211

The device fabrication began with mesa isolation using inductively coupled plasma 212
reactive ion etching (ICP-RIE). A Zr/Al/Mo/Au metal stack was deposited by electron 213
beam evaporation for the source/drain contacts followed by rapid thermal annealing at 214
950 °C for 30 s. Then an ICP-RIE etch was used to remove the reverse-graded layer from 215
the access region, and 10 nm SiO: was deposited as the gate oxide. Next, the gate and 216
probe metal stacks were deposited consisting of Ni/Au (100/ 200 nm) and Ti/Ni/Au 217
(500/700/1500 A), respectively. Finally, the devices were capped with a 400 nm thick SiO2 218
film to prevent surface flashover. The fabricated devices had a gate length Lc = 1.5 um, 219
source-gate spacing Lcs = 0.65 pm, various gate-drain spacing, and width W =50 um 220

2.2 Electrical Characterization 221

The average on-wafer 2DEG sheet resistance measured using the Lehighton rf-map- 222
ping system was Rsu =2400 Ohm/sq. Using the transfer length method (TLM) we obtained 223
contact resistance Rc = 4.3 Ohm.mm and Rsu = 2400 Ohm/sq in close agreement with on- 224
wafer mapping. Electron mobility of 130 cm?V-1s! at zero gate bias was extracted from C- 225
V and transconductance measurements following the procedure described in 2 On-re- 226
sistance extracted from the device I-V was found to be 25 Q.mm at Ve =+2 V. 227

We then measured a two-terminal breakdown voltage between the gate and source 228
electrodes with Les = 0.65 um spacing. Electrode spacing was verified using SEM imaging. 229
We kept short electrode spacing to reduce electric field non-uniformity and prevent sur- 230
face flashover. Fig. 8 shows the current-voltage characteristic for breakdown measure- 231
ments. From the measured breakdown voltage Vsp =739 V, the average electric field at 232
breakdown Fzp = 11.37 MV/cm was found. Drain current and transconductance I-V char- 233
acteristics for EBG HEMT are shown in Fig. 9 4. 234
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Fig. 9. EBG HEMT drain current Ip (Vp) (a), transfer ID (VG), and transconductance gm (Vc) (b)
characteristics .

3. Discussion of the experimental results

The measured FBD value presents a low bound for the actual breakdown field value
since the field distribution is non-uniform. Therefore, the breakdown occurs in the electric
field peak forming at the contact metal edge. Our 2D simulations of the electric field pro-
files using Synopsys showed that the peak field is at least 15% higher than the average
field (reaching approximately 13.1 MV/cm). This value is close to that estimated for the
Alos7GaNo.sN barrier material, and, as shown below, is expected for a QC HEMT design.

The breakdown field of the HEMT device can be estimated based on the composition
of the device channel material. Using the Vegard’s Law with the bandgaps of GaN Eci =
3.4 eV and AIN Ec2=6.2 eV and bowing factor b=0.7 ¢, we obtain for the channel Al frac-
tion x = 0.64

Ecchi=xEc2 + Ec1 (1-x) — bx(1-x) =5.03 eV, 4)
Next, using the bandgap-—critical field relationship after 5
Fer=0.173 Ec?9, (5)

we obtain Fcr =9.8 MV/cm. As seen, the expected critical field is lower than the measured
value. To explain this breakdown field increase, we involve the quantization effects in
quantum channel devices. In QC-HEMT, the channel region forms a quantum well (QW),
whose profile is mainly determined by the polarization charges at the top and bottom
interfaces. Due to this, the QW maintains the triangular shape and, hence, supports strong
confinement even at the gate bias below the threshold. In conventional HEMT, on the
contrary, the Ec profile completely flattens out at gate bias close to Vu. The band diagrams
of EBG QC-HEMT and conventional HEMT at different gate bias are compared in Fig. 2.
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Fig. 10. Triangular QW profile used in MATLAB calculations of the ground state energy Ei. The 261
barrier height at the Alos7Gao1sN/ Alo.ssGaossN barrier/channel interface, Vs = 0.72 eV, electric field 262
in the channel Fcu = 0.5 MV/cm, electron effective mass in the channel, mer = 0.34 mo. 263

264

The average electric field in the QC HEMT channel estimated from the slope of the 265
band diagram is Fcu = 0.5 MV/cm. For an infinitely high triangular barrier, the lowest state 266
energy is given by o 267

1
(qFcy)?]? (6)

Eo=0 I 2m
EF

where ¢:=2.338, and m¢r is the effective electron mass in the channel. Using linear interpo- 268
lation between GaN and AIN, we found mcr = 0.34 mo for our 64%-Al AlGaN channel. The 269
lowest energy level given by (6) is Eo=0.16 eV above the conductance band edge EC. 270

The barrier/channel height calculated for our EBG HEMT compositionis Vz=0.72eV. 271
Using MATLARB to find eigenvalues of the Schrodinger equation for a triangular QW with 272
finite barrier height (see Fig. 13) yielded a more accurate value of Eo=0.13 eV. 273

As illustrated in Fig. 10, the quantization in the channel results in a larger effective 274
bandgap Ectr than that corresponding to material composition: Ecer = Ec + Eo = 5.16 eV 275
(here we ignored quantization in the valence band). A higher Ectr translates into a higher 276
critical breakdown field evaluated as %7. 277

Feri=0.173Ecer?® = 10.46 MV/cm (7)

The critical field accounting for the quantization effects in the QC-HEMT is closer to 278

the measured value of 11.37 MV/cm but is still lower than that. Therefore, the quantization 279
of energy states in the QC HEMT explains only a fraction of the excessive critical field 280
observed in the experiment. 281
An additional important mechanism enhancing the breakdown field is the effect 282

that we call the electron quantum real space transfer into the Alos7Gao.s barrier layer. As 283
shown in %, a larger density of states in quantum well cladding layers causes an increase = 284
of the wave function penetration into the cladding layers with an increase in the electron 285
kinetic energy Exin where k is the electron momentum in the channel plane. This transfer 286
reduces the effective barrier height and completely eliminates the effective barrier for en- 287
ergetic electrons capable of causing impact ionization in the channel. The fraction of the 288
remaining barrier height fi is a function of the channel electrons kinetic energy Exin to the 289

barrier height Vsratio: [*] 290
291

fo =1 —=Eo/Vs — Exin/Vs (mg/mgr — 1) 8) 292

293

Here ms and merr are the electron effective masses in the barrier and channel layers. In Fig. 294
11(a) we plotted the effective barrier reduction for the device parameters of our QC 295
HEMT. As seen, the effective barrier disappears for electrons with Ey;,/Vy = 4. Elec- 29
trons causing impact ionization have kinetic energy Exir > 6.2 €V or Ey;,/Vp > 8. There- 297
fore, all very energetic electrons responsible for ionization should transfer into the 298
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cladding layer and the expected breakdown field should be equal to the breakdown field = 299
in the cladding layer, in agreement with the measured breakdown field. 300

Barrier Fraction

Barrier Fraction

1 2 3 4

Kinetic Energy/Barrier Height

(a) (b)

Fig. 11. Barrier reduction for energetic electrons: (a) effective barrier height versus kinetic energy =~ 301

of electrons for effective mass ratio in the QC HEMT studied in this paper and 302
(b) effective barrier height versus kinetic energy of electrons for all mass ratios for AIN/GaN 303
system. 304

Fig. 11(b) shows the barrier reduction as a function of both el and . The upper bound 305
of the range of 1,87 corresponds to the effective mass ratio of AIN and GaN. As seen from 306
the figure, a large difference in Al molar fraction between the barrier and the channel is 307
beneficial for the quantum real transfer. Such designs having an additional advantage of =~ 308
having much higher electron mobility in the device channel could be achieved by making 309
the channel thinner to avoid the development of the dislocation arrays. 310

It is interesting to compare the obtained breakdown field in EBG QC-HEMT device 311
with other data available for conventional HEMTs and double-heterostructure HEMTs 312
having epilayer structure similar to QC-HEMT. Numerous results have been published 313
on breakdown in single heterostructure GaN- and AlGaN-channel HEMTs; vast majority 314
of them report the breakdown fields, considerably lower than those expected from mate- 315
rial parameters. One of the highest breakdown fields of 1.6 MV/cm have been achieved in 316
Alo1sGaosN HEMT . As pointed out in % the breakdown fields achieved in double-het- 317
erostructure HEMTs are typically significantly (2 — 3 times) higher than those in single 318
heterostructure devices. This observation is in agreement with the concept of QC-HEMT. 319

2. Conclusions 320

In conclusion, the QC Extreme Bandgap AlGaN HEMT design demonstrated the possibil- 321
ity to considerably improve the breakdown voltage. QC HEMT approach also has a strong 322
potential to increase field-effect mobility, and, therefore, transconductance at low electron 323
sheet densities and support a large maximum electron sheet density and a larger maxi- 324
mum current. A thinner quantum well made of lower bandgap material should also lead 325
to better radiation hardness of QC HEMT. 326

327
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