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Statement of the problem studied:

In the Seeding 2 phase of SWIFT, UIUC was to complete 3 tasks: (a) develop and
demonstrate a type-Il DHBT with an fr/fuax greater than 400/650 GHz with a breakdown
voltage of greater than 5V, (b) develop a large signal DHBT model to model this newly
fabricated device and enable the design of a power amplifier, and (¢) design and simulate a 340
GHz power amplifier with this newly developed type-II model.

UIUC successfully fabricated a world record type-II device with fi/fyax of 690/185 GHz
having a breakdown voltage of 3.2V (W. Snodgrass, et al. IEDM 2007), and a device for which
fr was traded off for increased fmax of 480/420 GHz (fi/fmax) with an increased breakdown
voltage of 4.3V. UIUC has a clear plan for the development of a 400/650 GHz device that will
involve the use of material from a commercial vendor and new fabrication techniques. Updates
were made to UIUC’s type-1 SDD2 model, which has been proven to be superior to the industry
standard VBIC model in modeling type-I DHBT operation, to model type-11 device operation.
This type-ll SDD2 model was then used to model the fabricated 480/420 GHz device.
Parameters of this model were shifted to approximately reflect the new material and fabrication
techniques, which resulted in a modeled 480/600 GHz device. This projected model is then used
to design a 340 GHz MMIC power amplifier with a gain greater than 10 dB and an output power
of more than 10 mW.

Timeline: Tasks

eTask S2(a): Demonstrate Type II Sb- DHBT with f,,,, > 650 GHz, f; >

400GHz & BVceo> 5V

(4/%;'&'%8) eTask S2(b): Develop large signal DHBT model (SDD2-POWER) to enable
power amplifier design.

s Task S2(c): Design/Simulation 340 GHz MMIC power amplifier with gain >

10 dB and Pout > 10 mW

Figure O-1: UIUC statement of work for the Seeding 2 phase of SWIFT
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Summary of the most important results:

Task S2(a): Demonstrate Type II Sb-DHBT with fy;4x > 650 GHz,
fr > 400 GHz & BV, > 5V

Pseudomorphic heterojunction bipolar transistors (PHBTs) based on collector and base
grading of the type-lI InP/InGaAs SHBT material system have achieved record current gain
cutoff frequencies in excess of 700 GHz. Type-I double heterojunctions transisitors (DHBTS)
based on the same material system have sought to provide speeds competitive to those of the
SHBT while maintaining higher breakdown voltages and better thermal characteristics duc to the
larger energy gap and more thermally conductive InP collector. However, the complicated
grading schemes required to eliminate the current blocking conduction band discontinuity at the
base/collector junction of the type-I DHBT undermines these advantages as the structures are
vertically scaled to the dimensions required to achieve state-of-the-art f; values. The grading
schemes required for type I DHBTs often implement InGaAs spacers or quaternary grading
layers; such transition layers are typically 40 to 60 nm thick, and present a fundamental limit to
vertically scaling the device using collector thicknesses less than 70nm.

The type-11 InP/GaAsSb HBT material system is a much more favorable alternative to
both thc InP/InGaAs SHBT and DHBT because of the higher breakdown voltages and better
thermal conductivity achievable with the all InP collector. In addition. the positive conduction
band offset of the base-collector heterojunction not only eliminates the conduction band
discontinuity that plagues type-I DHBTs, but rather, provides an additional transit time reduction
due to electrons being launched into the collector with initial kinetic energy due to the staggcred
conduction band lineup. These advantages have led to rapid progress in increasing device
bandwidths, allowing competitive RF performance with established SHBT and typc-I DHBT
technologies.

Figure A-1 details cutoft frequencies versus breakdown voltages for various device
topologies and material systems, and illustrates that the scaling of InP/GaAsSb DHBTSs is on
track to provide breakdowns of 3 V at cutoft frequencies of 1 THz. By observing thc trends for
each system, it becomes apparent that the only systems capable of achieving THz bandwidths
while maintaining sufficient breakdown voltage to sustain operation is the InP HBT system, with
SHBTSs represented by the blue line. PHBTSs by the red line, type-I DHBTs by the grcen linc, and
type-1I GaAsSb DHBTs by the orange line. Noted in the figure is the 1.3V breakdown
advantage the InP/GaAsSb DHBT system offers over the InP/InGaAs SHBT system. InP
pseudomorphic high-electron mobility transistors (pHEMTs, purple) currently demonstrate
extremely high speeds. reaching fy values of 562 GHz. In order to achievc these speeds.
however, thc pHEMT transistor must be biased precariously close to the breakdown (0.85 V),
which suggests the limit to scaling these devices has been reached.
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Figure A-1: fr versus breakdown voltage for various material systems, taken from M. Feng,
S.C. Shen, D. Caruth, and J-J Huang, invited paper, in Proc. IEEE, Vol. 92, no.2, pp. 354-375,
Feb. 2004

It is important to note that the InP/InGaAs DHBT material system (green in Figure A-1)
is exhibiting sharp drop-offs in breakdown voltage as the collector is thinned (dashed green line
in Figure A-1). This behavior, although undesirable, is inevitable due to the collector being
primarily composed of InGaAs/InGaAsP spacer layers rather than wide bandgap InP as
illustrated by Figure A-2. On the hand, the type II DHBT did not require any transition or
graded region, hence, it is a fundamental better device choice for both higher speed operation
and manufacturability.

WL LTI S S S o S S e St B o o o e e e e 1.5
1.0F 3 -
: ——C150-HBT | ¥ Ballistic Lamcher
™ 0.5
-9'00 ’\ -: i
@ s 1 5 o
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o f ' {1 “sl Wide Bandgap
-1.0 5 g Collector
[ b ol
InGaAs base B R Calens
.l..l..:f—.St.eq-qra..ll...A " -5 T T v
.50 0 50 100 150 0 0.05 01 0.15 0.2
Position {nm) Pasition From Surface [um)
NTT Type-l1 DHBT Band Diagram UIUC Typedl DHET Bard Diggram
(a) I (b)

Figure A-2: (a) Type-1 DHBT energy band diagram illustrating grading schemes required to eliminate current
blocking discontinuity at base-collector junction. (b) UIUC Type-l1l DHBT band diagram illustrating energetically
favorable discontinuity of Type-II alignment.
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As shown in Figure A-3, the breakdown voltages of type-I DHBTSs converge to those of
SHBTs as the collectors are thinned to achieve higher speeds. while the type-11 devices are ablc
to maintain a more favorable trend. 1nP/GaAsSb type-11 DHBTs do not exhibit the degradation
in breakdown voltage or limitation in achievable current density experienced in type-1 DHBTs,
having demonstrated the high-speed operation (fr > 500 GHz), current densities of 15 mA/pum’
and breakdown voltages above 4 V for millimeter-wave power applications.

Breakdown Voltage vs. Collector Thickness
BVGEQ at Jg = kAlcm?

9 1 1 i tf 1 11 l ] L] y/

8 | J
® InP/GaAsSb DHBT 7

rd? V¥ InP/InGaAs DHBT .--'/ |
B InP/InGaAs SHBT /

' n -
5| / !
UIUC Type-ll DHBT é v /.//
af @ /4 e :
3 Sy /V/ - .
37/

2 - ; -
// |uc HBT

1 1 1 L0711 1 11 1 1 1

100 1000
Collector Thickness [A]

Figure A-3: Breakdown voltage, BV o, versus collector thickness illustrating ideal
scaling of GaAsSb DHBTSs (red line), and degradation of the breakdown of type-1 DHBTs
for scaled collector thicknesses (green line), after H. G. Liu, S. P. Watkins, and C. R.
Bolognesi, IEEE TED, vol. 53, 2006.

BVcEo [V]

As briefly mention earlier. the base-collector junction of typc-Il DHBTSs intrinsically
provides a beneficial energy line up in the conduction band that serves to launch elcctrons into
the collector with a significant amount of initial energy (Figurc A-4(a)). This initial cnergy
serves to increase the velocity at which the electrons enter the depleted collector, giving reduced
collector transit times, if this initial velocity can be maintained or increased throughout the entire
collector.  Over short distance. distances on scale with the thickness of UIUC’s 1000A
collectors, electrons can be injected with energies greater than the InP L-vallcy encrgics without
a significant number of carriers scattering to this low mobility valley (Figure A-4(b)).
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Energy 300K E' =134 8V

E =193 eV

X-valley Velocity £,=219ev
valley Overshoot £,=0 11eV

_ O €M Velocity
i Overshoot

High Mobility

E scattering 1 | 5w Mobility

E
E A
v
<100> l 0 <111>
InP / \ Wave vector
Collector E Heavy holes
Light holes
Split-off band

Type-ll B-C Junction InP Energy-Momentum Relationship

(a) (b)
Figure A-4: (a) Type-11 base-collector band offset showing energetic injection of carriers into the collector.
(b) InP energy-momentum relationship showing the possibility of intervalley scattering from the I'-valley to

the L-valley. Over short distance little scattering occurs allowing high carrier velocities throughout the entire
collector.

This lack of significant scattering results in an average carrier velocity that is much
greater than the maximum electron velocity in bulk InP. Average collector velocities have been
extracted from measured data, as can be seen in Figure A-5, and have been found to be upwards
of 4E7 cm/s, greater than 1.5 times the bulk InP saturation velocity. These increased carrier
velocities greatly reduce the collector transient time (tc) of these type-Il DHBTS, giving them a
significantly smaller 1¢ than type-1 DHBTSs with an identical collector thickness. As can be seen
in Figure A-6, this reduction in collector transient time serves to increase the unity current gain
frequency of a device. This increased carrier velocity, through energetic carrier injection and
velocity overshoot throughout the collector, also allows for the use of thicker collectors with a
smaller speed penalty than that which is present in a type-I device. Since for a given fi/fuax.
type-II DHBTSs can have a thicker collector than type-1 DHBTs and type-II wide-gap collectors
are less prone to breakdown, the type-1I device will have a much higher breakdown voltage,
making it the clear choice for high power millimeter wave DHBT amplifiers.
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Figure A-5: Measured base and collector transient times and extracted effective collector velocity
for different base and collector structures.

f; Delay Components

1 nkT

=Tg + T, +£CJE +(R, +R. + ——)Cpg,

¥ ¥ v b4
Base/Collector T, Tee

(Transit) (RC Charging) (RC Charging)

Figure A-6: Delay components of HBT biased in forward active mode

Utilizing vertical device scaling and compositional base grading. a 0.37 x 7.6 um? type-I1
DHBT with a 20 nm base and 60 nm collector was fabricated with a peak fr and simultancous
fmax of 690GHz/185GHz at a temperature of 25 °C and an fi/fuax of 745GHz/205GHz at a
temperature of -37 °C (W. Snodgrass. et al. IEDM 2007). Measured and extrapolated values of
hy; and the unilateral power gain are shown in Figure A-7 for both temperatures. Peak fy
occurred at a current density of 12.8 mA/um” with a collector base voltage of 0.15 V.
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40 25°C
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U — 37 °C
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= 20 | Je=12.8 mA/pm?
— Ve = 0.15V 3
O N
f; (25 °C/-37 °C) 1
10 1890 Ghz/745 GHz e !
fuax (25 °C/-37 °C) s
185 GHz/205 GHz \
O o=
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Figure A-7: Measured and extracted h,;and U for f7 and fyyax determination

DC characteristics of a similar device are shown in Figure A-8. The device has a DC
current gain of 82 and a BV¢gp of 3.2V. Here the breakdown voltage is defined for a current of
1 kA/em’.

14
A =0.52x7.6um?
12 I, = O to BOD pA
— 10 Peak f; = e
E
%I. 8
6
el
-
4 BVo = 3.2 V
. 1 kA/cm?
u 1 1'..;
0 1 2 8
Vee V]
Figure A-8: Measured DC characteristics and breakdown
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Vertical scaling tends to drastically increase the fr of a device while significantly
reducing the simultaneous fuax. This can be understood through the relationship between the f;
and fyax of an HBT device shown in Figure A-9. As the device shrinks vertically, the thickness
of the base and collector materials shrinks. Shrinking the base increases the base resistance and
shrinking the collector increases the base-collector capacitance, both of which are detrimental to
the fyax of the device. By increasing the thickness of the base and collector layers it is possible
to essentially trade fr performance for fyax performance. Increasing the layer thickness. while
increasing the overall carrier transit time and lowering f1, reduces the parasitics associated with
the device and increases its maximum power gain frequency.

35
30 F
gLl . .
By fT g0 f Vertical Scaling
f —
MAX 315
- Parasitic
5 | Capacitance
0 ol L i L 1 i L L i L A
0 1000 2000 3000
Collector Thickness (A)
(a) (b)
Figure A-9: (a) Relationship between fr and fyax. (b) Effect of collector thickness on total base-collector
capacitance

In an attempt to trade off fr for fuax. thicker devices with a 30 nm base and 100 nm
collector were fabricated. Peak f7/fyax performance of 480 GHz/420 GHz was seen for 0.46 x
3.1 um’® devices at a temperature of 25 °C. Peak performance occurs at a current density of 7.6
mA/um?® at a base-collector potential of 0.4 V. The fr and fuax extrapolation are detailed in
tigure A-10.
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Figure A-10: Measured and extracted h,; and U for f7 and fyjsy determination

The breakdown voltage of this device is increased to 4.3 V, as would be expected with a
thicker 1000 A collector. The thicker base gives a lower DC current gain (B). Figure A-11
shows a full DC family of curves.

14 ———————
12
10
t
= 8
< )
g 6 |
- 4
2
0
0 1 2 3 4 5
Vee [V]

Figure A-11: Measured DC characteristics and breakdown
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UIUC has a clear two part plan which it is using to develop a device that will achieve an
fr/fmax of 400/650 GHz with a BVceo > SV. UIUC is using higher quality, commecrcially grown
material and refining the fabrication process for 180 nm wide emitters. Through thc use of
commercially grown wafers, the base sheet resistance can be reduced by a factor of 2 to 3 from
wafers grown in house. thereby reducing the overall base resistance and increasing the fyax of
the device. Wafers grown at UIUC have a typical base sheet resistance of 2000 ohm/sq. for a
uniform base layer and sheet resistances of 2800 ohm/square for graded base layers. whereas
commercially grown uniform bases have sheet resistances around 900 ohms/square and gradcd
layer sheet resistances of 1200 ohms/square. Measured results showing sheet resistance versus
base thickness for multiple UIUC and commercially grown wafers is shown in Figure A-12(a).
In addition to improved shcet resistance. commercially grown wafers have also been shown to
have much lower contaet resistance as is shown in Figure A-12(b).

Base layer sheet resistance vs. base layer thickness
2900

e & 'S 'Y UIUC designed, commercially grown type-ll DHBT material
o
E 2 Base/Collector RB,peet Pk
§ 2100 Thickness {(nm) () [Q_u'mzl
3 4 * 17 /100 1050 4
51700 UUC Uniform Base ® Rse | 23X | niform base Pce | 2X
2 Type-ll DHBT 20/140 960 3
& 1300 . >
° @ Graded Base .
2 90 U s ® Commatoll Base gradlng# 25/125 1210 5
Type-ll DHBT

500
150 175 200 225 250 275 300 325
Base Thickness (A)

(a) (b)

Figure A-12: (a) Comparison of the base sheet resistance of commercially grown wafers to wafers grown at UIUC.
(b) Measured base sheet resistance and emitter contact resistance of UIUC design, commercially grown type-11
DHBT material.

In addition to using commercially grown material. UIUC is developing its high spced
device proeess for the fabrication of DHBTs with 180 nm wide emitters in order to reduce the
intrinsic base-emitter capacitance. Reduction of the emitter capacitance serves to incrcase both
fr and fmax. Projections, shown in Figure A-13 below, using the measured properties of two
new commercially grown strained GaAsSb wafers combined with a 180 nm fabrication proccss
show that a 400/650 GHz f1/fuax device with a breakdown voltage of 5 V can bc achieved for a
device with a 20 nm base and 140 nm collector. Due to the low base sheet resistivity of the
commercially grown base layer, the base can be kept thin to increase {7 while not significantly
affecting fmax performance. A thick 140 nm collector gives the reduction in base-collector
capacitance and effcctively tradcs current gain for power gain while increasing the breakdown
voltage of the device. As the 180 nm device process has not yet been perfected. no full devices
have been completcly fabricatcd on thcse commercially grown wafers.

10
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Emitter Emitter
width 180 nm width 180 nm
contact resistivity 3 Qum? contact resistivity 3 Qum?
Base Base
thickness 17 nm thickness 20
contact width 100 nm contact width 100 nm
contact resistivity 8 Qum? contact resistivity 8 Q-um?
sheet resistance 1200 Q/o sheet resistance 1000 QJ/o
Collector Collector
thickness 100 nm thickness 140 nm
current density 8 mA/um? current density 6 mA/um?
BVCEO 4 V BVCEO >5
f. 470 GHz f. 400 GHz
frax 990 GHz frax 690 GHz

Figure. A-13: Projections for two of the new strained GaAsSb base commercial wafers combined with 180 nm
fabrication process

Task S2(b): Develop large signal DHBT model (SDD2-POWER) to
enable power amplifier design.

In this program the UIUC SDD model was further developed to specifically model type-il
DHBT devices operating with large signal swings such as in power amplifier circuits. The UIUC
SDD model has been in development for over 10 years. Development of this model was initiated
due to the VBIC (Vertical Bipolar Inter-Company), the leading compact bipolar model of the
time and current industry standard, model’s fundamental inability to properly model HBT
devices. The VBIC model was developed for implanted silicon homojunction bipolar transistors,
not epitaxially grown HBT devices, and therefore cannot accurately model many of the
characteristics of modern HBTs. Since the VBIC model is tailored for silicon devices, it cannot
model heterojunction effects such as current blocking or velocity modulation at or in the
collector. Figure B-1 shows a schematic of the VBIC model. It is easy to tell that this model
was developed for an implanted device from the parasitic pnp-transistor modeling found between
the base, substrate, and collector.

11
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Figure. B-1: Schematic representation of VBIC model

A SDD model development timeline and symbolic model schematic arc shown in
figurc B-2. The UIUC SDD model initially started as a SHBT model based around the well
known Gummel-Poon integral charge control relationship. With thc addition of Kirk effect
modeling, self-heating. and passive parasitics, it was found to be capable of accurately modeling
SHBT devices. In order to accurately model type-I DHBT devices, the cffects of the basc-
collector heterojunction interfacc had to be added to the model. Updating the SHBT model to a
type-I DHBT model cntailed adding equations to account for the heterointerface current blocking
that occurs at the BC junction due to the positive energy barrier seen by electrons transitioning
between the base and collector layer at low voltages and high currents. This current blocking
manifests itself as a rounded “knee’ on the [-V family of curves plot. In addition to the accurate
modeling of the current blocking. equations were added to the model that modcled the change in
collector transient time across applied current and voltage, an important parameter for the
modeling of f;. Later type-1 SDD2 model development added realistic device scaling and
rudimentary noise modcling to the model.

12
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Figure B-2: UIUC SDD model development history and schematic representation.

The type-I UIUC SDD model, because it was specifically developed to model HBTs. has
been shown to be much more accurate in modeling DHBTSs than the industry standard VBIC
model. Figure B-3(a) shows a comparison between the measured characteristics of a 0.5 x 5.2
um?’ device fabricated at Vitesse Semiconductor and those characteristics predicted by the VBIC
model extracted and distributed by Vitesse. Figure B-3 (b) shows a comparison between the
same device and the type-I UIUC SDD2 model. It is clearly obvious that the SDD2 model more
accurately models all aspects of the device such as current gain, turn on voltage, knee current
rounding due to current blocking, high current self-heating, etc. In this work, the modcling
ability of the type-I SDD2 model was extended to be capable of accurately modeling the high
frequency type-Il power devices fabricated by UIUC.

13
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Figure B-3: (a) Measured type-1 DHBT current-voltage family (red) and VBIC modeled device characteristics
(blue). (b) Measured type-1 DHBT current-voltage family (red) and SDD2 modeled device characteristics (blue).

Changes were required to update the type-I SDD2 model into a model that could
correctly model the physics of type-1I devices. A comparison of the band structures of type-I
and type-II devices is shown in figure A-2 in the previous section. The prime difference between
these structures is the location of the base conduction band relative to the conduction band of the
emitter and collector at equilibrium. In type-Il devices, carriers are no longer energetically
injected into the base, but are injected with energy into the collcctor, increasing the base transit
time and reducing the collector transit time. Also since the collector conduction band is
inherently lower than the base, it is harder for electrons to be injccted from the collector into the
base. This is modeled by reducing the magnitude of current injected from the collector to thc
base. and essentially results in lowering the Vce turn on voltage. The base resistance is increased
to properly model the increased sheet resistance of GaAsSb over InGaAs. The amount of current
blocking modeled is also reduced to account for the lack of a positive energy barrier at the
collector.

Effort was focused on cxtracting the new type-I1 SDD2-POWER model for the 480/420
GHz type-Il device fabricated at UIUC and described in Section A. Measured and modeled DC
[-V and V-V curves can be seen in figure B-4. Accurate fits are achieved for both curves.
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Figure. B-4: Measurement/model comparison of Ic vs. Vce and Vbe vs. Vce family of curves
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Figure B-5 shows a comparison between measured and modeled RF data. The accurate
modeling of the type-II transit and charging times give a good fT fit to the measured device data.
The device’s fMAX performance is slightly under-predicted.

UIUC Type-ll DHBT: fT vs. Collector Current UIUC Type-ll DHBT: fMAX vs. Collector Current
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Figure. B-5: Measurement/model comparison of fr and fyax vs. Ic

In order to assess the new UIUC SDD2-POWER model’s ability to correctly model
device performance under larger signal swings, single tone measurements were taken and
compared to modeled results. A diagram of the single tone measurement is shown in figure B-6.
Essentially a single tone at a given frequency and power is input into the device and the multiple
output tones that are generated by the nonlinear device are measured. This measurement was
taken on a 0.3 x 8 um’ device, and the first three output harmonics were measured.

Single Tone Measurement Overview:

Single Input Tone Nonlinear Device Multiple Output
Tones

—

r[TT

f, f, 2f,3f,4f,5f,

Figure. B-6: Single tone measurement overview

The new model is shown to be accurate in its prediction of output harmonics at both high
and low biases. Figure B-7 shows the measured and modeled magnitude of the third order
harmonic taken at high and low biases as the power of the input tone is swept. The type-II SDD2
model accurately predicts the power level and compression that occurs at the output harmonic as
the input power is swept. It is the third harmonic that is primarily responsible for gain

15
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compression at high powers, making this kind of modeling accuracy is crucial for the accurate
design and simulation of high frequency power amplifiers.
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Figure B-7: Modeled and measured power of third output harmonic.

Task S2(c): Design/Simulation of 340 GHz MMIC power amplifier
with gain > 10 dB and Pout > 10 mW

The parameters of the type-1I SDD2 model of the 480/420 GHz fy/fuax device were
updated to simulate a 480/600 GHz device. With this model a 340 GHz power amplifier having
a gain of 10 dB and an output power greater than 10 mW is designed. The primary updates to
the model were the reduction of the base resistance to reflect the improved sheet resistance of the
commercially grown material and the slight reduction the base-collector capacitance resulting
from a slightly thicker collector. The plots of H21 and U vs. frequency are shown in Figure C-1.
To achieve this RF performance the model was biased at a Vce of 1.1V and an Ib of 120 uA.
This modeled device draws 7.86 mA of current for a power consumption of 8.62 mW per device.
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Figure. C-1: Modeled h,, and U of a hypothetical device fabricated using commercially grown material and a 140

nm collector.

From harmonic balance simulations, it was found that the maximum output power for
which a three stage amplifier can achieve a gain of 10 dB is approximately 5.4 dBm. So in order
to achieve the required 10 mW output power, three identical three stage amplifiers need to be
power combined. A block diagram of the overall power amplifier is shown in Figure C-2.

Power
Divider

3 stage amp

3 stage amp

Power
Combiner

3 stage amp

Figure C-2: Block diagram of power amplifier design.

Each amplifier chain consists of 3 cascaded conjugately matched transistors.
voltages are provided through matching stubs, and each stage is capacitively coupled to the next
stage. A schematic of the three amplifier stages is shown in Figure C-3.
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Figure. C-3: Schematic of three stage amplifier and output harmonic of each stage

From figure C-3 it is cvident that as the magnitude of the signal increases, the gain of
each amplifier becomes significantly compressed and the output signal becomes more distorted.
The gain of the last stage is actually less than 1 dB. In this modeled circuit, all passive
components have been considered to be ideal. The overall circuit has a DC power draw of 77.6
mw and a linear power gain of 9.47 mW. giving it a power added efficiency of 12.2%. This of
course would be lower if transmission line loss were taken into account.

Conclusion:

In summation, UIUC successfully fabricated a world record type-11 device with fi/fyax
of 690/185 GHz having a breakdown voltage of 3.2V (W. Snodgrass. et al. IEDM 2007). and a
device for which f; was traded off for increased fuax of 480/420 GHz (fi/fuax) with an
incrcased breakdown voltage of 4.3V. Updates were made to UIUC’s type-1 SDD2 model,
which has been proven to be superior to the industry standard VBIC model in modeling type-I
DHBT operation, to model type-I1 device operation. This type-11 SDD2 model was then used to
modcl the fabricated 480/420 GHz device. Parameters of this model werc shifted to
approximately reflect the new material and fabrication techniques, which resulted in a modeled
480/600 GHz device. This projected model is then used to design a 340 GHz MMIC power
amplifier with a gain greater than 10 dB and an output power of more than 10 mW.

UIUC has a clear plan for thc development of a 400/650 GHz fr/fuax device. It will
entail the use of commercially grown material and an updated fabrication process. Material from
the commercial vendor has already been received. Once the fabrication process is successfully

updated. UIUC is confident that we can produce devices that meet our projections of an
fmax>650 GHz.
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