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I. INTRODUCTION 

THE past several years have seen a dramatic increase in re- 
search of GaN materials and devices. Progress has been 

made in areas including RF electronic devices such as FETsfl] 
and bipolar transistors [2], [3], [4], [5], as well as optoelectron- 
ics devices including light emitters, lasers[6] and detectors[7]. 
GaN is desirable for electronics applications due to saturated 
electron velocities of 2xl07 cm/s[8], and its 3.4 eV bandgap 
which leads to a critical breakdown field of 2 MV/cm[9], and 
stability at high temperatures. As demonstrated in other ni-V 
material systems, HBTs offer several important advantages over 
FETs. HBTs generally have better threshold uniformity and de- 
vice linearity, as well as lower phase noise than FETs. In addi- 
tion, the HBT structure inherently offers a higher ratio of output 
current to parasitic capacitance. 

There have been several reports of GaN HBTs in the litera- 
ture^], [3], [4], [5], but the results are still preliminary. The 
fundamental material properties described in Table I can be used 
in comparison with a mature material system to predict potential 
RF performance of these devices. Lee et al demonstrated A1I- 
nAs/GalnAs HBTs using a transferred substrate Schottky col- 
lector technology with a power gain cut-off frequency, fmax, of 
820 GHz [10]. If this technology were applied to a GaN bipolar 
structure with a 50 nm base, having a base carrier concentration 
of 5xl019 cm-3, and a 100 nm thick collector, the predicted 
fmax is 200 GHz with a current gain cut-off frequency, ft, of 
200 GHz, and a 15V breakdown voltage. For power switching 
applications, material properties suggest that a 1 kV device with 
a collector thickness of 7//m, and a base thickness of 200 nm 
would have an ft of 6 GHz and an fmax over 300 GHz. This pa- 
per presents many of the relevant issues to the development of 
the GaN bipolar transistor. We discuss the progress and current 
status of GaN bipolar growth and processing technologies, and 
suggest future directions for the realization of RF device perfor- 
mance in the HBT. 

TABLE I 

COMPARISON OF MATERIAL PROPERTIES RELEVANT TO RF PERFORMANCE 

Property GaN GalnP Si 
[cm/s] 20xl06     lOxlO6    6xl06 

Ecrit [MV/cm] 0.6 0.3 

II. DEVICE DETAILS 

A typical device structure used in these experiments along 
with a simulated band diagram is shown in Figure 1. Device 
structures are grown by plasma assisted MBE on MOCVD GaN 
templates on sapphire. The use of MBE vs. MOCVD growth 
for the active layers is discussed in section VITJ. The emitter is 
Alo.iGao.9N:Si(ND=1018 cm"3) with a GaN:Si emitter contact 
layer. The base layer is 100 nm GaN:Mg, NA=5xl019 cm"3. 
Magnesium is a deep acceptor, EA-EV « 110-200 meV[l 1], 
resulting in a carrier concentration of p=8xl017 cm-3 for 
this acceptor density. The collector is 500 nm unintentionally 
doped (UID) GaN with a background donor concentration of 
5xl016 pm-3. The subcollector is GaN:Si, ND= 1018 cm"3. 
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Fig. 1. Left: Typical structure for AlGaN/GaN HBT grown by plasma assisted 
MBE on MOCVD GaN on sapphire. The collector is unintentionally doped 
(UID) GaN NDRi 5xl016cm-3. Right: Simulated band diagram of typi- 
cal device. The Alo.1Gao.9N heterojunction provides lOkT barrier to hole 
injection into the emitter. 

Emitter and collector contacts are Ti/Al/Ni/Au, while the base 
contacts are Pd/Au. For conventional devices, the mesas are 
etched with a chlorine reactive ion etch(RIE). 

Although there are reports of higher hole concentrations us- 
ing co-doping of Mg with oxygen or silicon[12], electronic de- 
vice results with this doping technology have not been reported. 
Holes in GaN, with an effective mass of 2.2- m0[13], have mo- 
bilities between 5 and 20 cm2/V s in highly doped GaN:Mg lay- 
ers. Consequently, the base of an NPN transistor has a resistivity 
on the order of lfi cm, with a sheet resistivity for a 100 nm base 
of 100kfi/G. This low base conductivity increases the parasitic 
base resistance, RBB, degrading RF performance and contribut- 
ing to the current-crowding effect in the base-emitter junction. 
In addition, the p-GaN surface is sensitive to etch damage. The 
Cl2 RIE used to access the base layer is primarily physical, and 
is believed to cause point defects, creating states donors, degrad- 
ing contacts to etched p-type GaN. Although contact resistances 
as low as 2xl0-5H • cm-2[14] have been reported on p-type 
GaN, contacts to C12-RIE etched p-GaN shown in Figure 2 have 
a voltage barrier of 10V. 

The regrown base HBT reduces the contact voltage barrier to 
the p-GaN surface (Figure 2). After the RIE emitter mesa etch, 
the emitter is capped with a dielectric mask, A1NX. In addition 
to protecting the emitter mesa during the MOCVD growth, the 
A1NX mask is selective to GaN growth, and chemically inert in 
the reducing NH3+H2 environment. The etch damage is buried 
with the new GaN:Mg growth, resulting in an improvement in 
contact quality as well as increased base conductivity. Used in 
conjunction with a low-etch-damage RIE process, the base con- 
tact voltage barrier is as low as IV (Figure 2). A further im- 
provement in base-contact quality is attainable with the regrown 
emitter HBT IV. 

III. OFFSET VOLTAGE 

The effect of the poor base conductivity and contact voltage 
barrier is apparent in the common emitter offset voltage. The 
offset voltage is the collector-emitter voltage in the common 
emitter mode where the net collector current becomes positive. 
At this point, both the base-emitter and base-collector diodes 
are forward biased. The collector current saturates as the base- 
collector diode becomes reverse biased.   The parasitic offset 
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Fig. 3. Large parasitic offset is due to the voltage drop associated with lateral 
base current. The numbered arrows in the schematic (above left) refer to 
equations which describe them. The voltages in the wiring diagram (below 
left) are examples of a bias condition in which the parasitic base-collector 
diode is forward biased, while the intrinsic device is zero-biased. This is the 
mechanism for the parasitic offset voltage observed in GaN HBTs. 

voltage observed in the GaN HBT is explained as follows: 
Because of a high voltage drop across the base contact and 

a high lateral resistance, the voltage of the base layer under the 
contact is substantially higher than the voltage of the base in the 
active device Figure 3). This effectively divides the area under 
the emitter and the area under the base contact into two devices 
- the active transistor and a parasitic base-collector diode. The 
difference between the base voltage under the base contact and 
the base voltage under the emitter mesa at any given base injec- 
tion current is the parasitic offset voltage of the transistor. For 
example, it may require a 6V base emitter contact voltage to 
inject a 100 pA base current. While the base-emitter junction 
forward bias is limited by the bandgap to 3.4V, the base voltage 
under the base contact is « 6V. If the collector-emitter voltage 
is 3.4V, the base-collector diode under the base contact is then 
forward biased even while the base-collector junction under the 
emitter mesa is zero-biased (Figure 3). Also, because the con- 
tact characteristic is nonlinear, the voltage drop across the con- 
tact varies strongly with current density. This leads to a much 
larger voltage drop across the portion of the contact contribut- 
ing to the lateral current which feeds the active transistor. This 
is indicated in Figure 3 as a 'battery' element. The following 
are equations for the collector current components in an HBT 
relevant to the common emitter offset voltage: 

V offset =  V CE 
/c=0 

(1) 
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Here we use a as an overall efficiency term that includes emitter 
injection efficiency as well as the transport efficiency across the 
base. Equations (4) and (5) split from a single equation when 
the external base-collector bias differs from the internal bias. In 
this case, a higher voltage is required to turn off the extrinsic 
base collector diode. Figure 3 shows the contributions of the 
offset voltage equations to the total collector current, Ic- Analy- 
sis of a measured common emitter characteristic (Figure 3) show 
these effects on the DC performance. To reduce this offset volt- 
age, the base contact and lateral resistances must be reduced- or 
the extrinsic collector eliminated as in the transferred substrate 
Schottky collector technology[10]. 
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Fig. 4. The selective emitter regrowth step is shown above. The AINx mask 
is used to protect the base surface. The emitter structure is then selectively 
grown by MOCVD to form emitter mesas. Later, the mask is removed, and 
the base mesa is etched by Cb RIE. Finally, base, emitter, and collector 
metalizations are applied using standard lift-off lithographic techniques. 
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Fig. 5. Common emitter characteristics of regrown emitter BJT The base cur- 
rent is stepped at 200uA per step. The vertical axis is lmAAliv. The current 
gain for this device, ß > 5. The negative output resistance behavior of the 
collector current is due to internal heating of the device 



IV. REGROWN EMITTER HBT 

The motivation for the regrown emitter HBT is the lack of 
a need for an etch stop for the emitter mesa etch, and improved 
base contacts leading to lower parasitic base resistance and com- 
mon emitter offset voltage. In addition, the regrown emitter 
HBT allows for more accurate base emitter junction placement 
than conventional structures grown by MOCVD because it is not 
subject to the Mg memory effect. The common emitter charac- 
teristics of a regrown emitter device in Figure 5 show a current 
gain of 6, a low offset voltage, and an early voltage, V A>400V. 

This preliminary result does not use a heterojunction emitter, 
suggesting that the current gain will be further improved in a 
regrown emitter HBT. The structure was grown by MOCVD 
on sapphire. The base thickness is 200 nm with an acceptor 
concentration, NA=5X10

19
, leading to a carrier concentration 

of p=8xl017cm~3. The emitter is GaN:Si, ND=5xl018cm-3 

100 nm thick. The collector is 500 nm UID GaN with a back- 
ground donor concentration of ND=5xl016cm~3. The initial 
device growth consisted of the subcollector, collector, and base 
layers. An A1NX dielectric mask is patterned with openings for 
the emitter structure (Figure 4). The emitter mesa is then grown 
selectively. The growth mask is removed, and device processing 
completed with the conventional CI2 RIE step to access the sub- 
collector. Although attempts were made to selectively grow the 
emitter by MBE, these efforts have not yielded a working de- 
vice. Photo-Electro-Chemical, PEC, wet etch techniques show 
promise for selectively etching n-type over p-type material[15], 
this etch would allow conventional processing of fully grown 
devices without the damage associated with the RIE etch. The 
etch stop becomes less effective, however, when the etch stop 
layer thickness, Wb is less than Ln, the diffusion length of elec- 
trons in the base - a necessary condition for transistor operation. 

Although the regrown emitter device requires a regrowth in- 
terface in the base of the transistor, possibly leading to reduced 
transport or injection efficiency, it has achieved comparable cur- 
rent gain to etched emitter devices without the difficulties asso- 
ciated with the non-selective REE emitter mesa etch and the base 
surface damage it causes. Circumventing these two major pro- 
cessing hurdles without degradation in performance makes the 
regrown emitter HBT a strong alternative to the conventional 
etched-emitter device. 

V. HBT ON LEO GAN 

Both the regrown emitter and etched emitter structures suf- 
fer from of emitter collector leakage associated with threading 
dislocations(TDs). Due to the lattice mismatch between GaN 
and sapphire or SiC, thin GaN films (« 2 /xm) grown on these 
substrates have a TD density on the order of 5x 108 cm-2. To 
investigate the connection between TDs, doping, and collector- 
emitter leakage currents, devices were fabricated on material 
grown using the lateral epitaxial overgrowth technique, LEO. 
The details of the LEO process are described by Fini et al [16]. 
LEO is well suited for this experiment because adjacent devices 
can be measured with and without dislocations. The window 
regions were 5 ßm wide, repeated with a period of 40 fim. A 
full HBT structure is then grown on this sample by MBE. Over 
dislocated (window) regions the TDs continue, while over-the 

I mi:HUH 
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Fig. 6. Atomic Force Microscopy image of an LEO substrate (above) showing 
window and ring regions. Spiral growth mode in the window region is asso- 
ciated with the screw component of TDs. Wing regions consist of atomically 
flat steps. 
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Fig. 7. Semi log plot of leakage current of LEO window compared to wing 
region. Plot shows reduction of leakage by four orders of magnitude for 
wing region as compared to window region. The emitter mesa area for these 
devices was 6 /imx 50 pm. 

wing regions, the lateral GaN growth is dislocation free. Fig- 
ure 6 shows the spiral MBE growth indicative of TDs with screw 
character [17] in the window region, and the lack of this spiral 
growth mode on the wing regions. The devices tested had emit- 
ter mesa areas of 6pm x 50pm. The collector-emitter leakage of 
adjacent devices was tested (Figure 7) and was seen to drop by 
four orders of magnitude in the forward direction on the wing 
relative to the window. Common-emitter characteristics of an 
HBT on a wing region are shown in Figure 8. The gain of the 
wing device is comparable to devices in the window (dislocated) 
regions. This result suggests that although dislocations are the 
dominating cause of collector-emitter leakage in these devices, 
at the present levels (108 cm-2) they are not the cause of the 
high recombination rates in the base- which are expected to be 
related to the high Mg concentration (102Ocm-3) and high lev- 
els of point defects. To our knowledge, this is the first demon- 
stration of a GaN HBT on an LEO substrate. It conclusively 
demonstrates the connection between TDs and collector-emitter 
leakage. 
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Fig. 8.    Common emitter characteristics of GaN HBT on LEO wing (non- 
dislocated region). Base current steps are 400/J.A. 
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VI. COLLECTOR - EMITTER LEAKAGE EXPLAINED 

A reoccurring problem with GaN HBTs has been the presence 
of significant collector-emitter leakage[5]. The GaN HBT on 
LEO (above) showed the connection between dislocations and 
leakage. The mechanism for collector-emitter leakage is found 
to be a localized punch-through effect. An experiment was per- 
formed in which two devices were fabricated, both with lightly 
doped bases (NA = 1019 => p = 1017 cm-3) 100 nm thick, on 
areas of the same template with the approximately the same TD 
density (5xl08 cm-2). One of samples was grown with a 15 
nm p+ (NA = 1020 =>• p = 1018 cm-3) spike in the center 
of the base to block emitter/collector leakage. The results of 
this experiment (Figure 10) show that the heavily doped spike 
in the neutral region of the base eliminated the emitter-collector 
short, suggesting that the mechanism for emitter-collector leak- 
age is the local compensation of the base layer. The literature 
predicts that in n-type material IDs behave as electron traps, 
negatively charged when filled. In p-type material, the IDs are 
expected to behave as donors, or hole traps, and thus be posi- 
tively charged[18]. Various energy levels have been predicted 
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Fig. 10. Above: Three dimensional rendering of the band diagram of an HBT 
with a dislocation (arrow) causing local compensation of the p-type base. 
Below: Simulation of the band-diagram of a locally compensated area sur- 
rounding a dislocation in p-type GaN. A lightly doped base (left) is fully 
compensated near the dislocation, while a heavily doped base (right) is only 
partially compensated. 

for midgap states associated with TDs ranging from 0.6 eV to 
3.2 eV above the valence band[19]. Because the leakage was 
found to be dependent on both dislocation density and base dop- 
ing, a hypothesis was developed for the mechanism of this leak- 
age using the following model: We assume that each TD con- 
tributes a line of charge in p-type GaN equivalent to one donor 
for every 10Ä vertically, or 107 cm-1. We simulate this as a 
column doped n-type at 3x1020 cm-3 and having a radius of 1 
nm. The donor level is taken to be 3 eV above the valence band 
edge. This level is chosen because it is consistent with a low- 
voltage punch through observed at lower doping levels, as well 
as the energetically favorable dislocation configuration in both 
Ga rich and N rich growth conditions[19]. Figure 9 shows the 
effect of the local compensation on the p-type base. The result 
of this compensation in extreme cases - NA = 1019 cm-3 is a 
device that is shorted from collector to emitter. When the base 
doping concentration is sufficiently high - NA = 1020 cm-3, 
however, a barrier remains to prevent the short. Although in this 
case the dislocations were found to be the dominant source of 
emitter-collector leakage, it should be noted that surface states 
and mesa sidewall damage may lead to emitter-base and base- 
collector leakage currents in addition to the dislocation induced 
leakage paths. 

VII. COLLECTOR-EMITTER LEAKAGE AND DC 
CHARACTERISTICS 

Because the collector-emitter leakage mechanism is a local- 
ized punch-through effect, it is isolated from the base contact. 
This isolation results in the misleading situation in which both 
the base-emitter and base-collector diodes appear to be rectify- 
ing when tested individually, while in fact the active device is 
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Fig. 11. Gumrael plot of a bipolar transistor with emitter collector leakage. The 
current gain seems high, as the collector current is much greater than the 
base current. From the circuit diagram, however, we see an example bias 
condition where the collector-emitter voltage is large, even when \fec=°- 
Figure 12 shows the common emitter characteristic for this device. 

Fig. 12. Common emitter characteristics corresponding to Gummel plot in Fig- 
ure 11 Current gain is actually much lower than predicted by the Gummel 
plot. 

shorted. This short is not seen in the base emitter diode be- 
cause an intact lateral p-n junction blocks the current from the 
p-base to the local punch-through region. It is not seen in the 
base-collector diode due to the Schottky barrier from the base 
contact to the compensated region. As described in Section III 
the high base contact resistance and lateral base resistance cause 
a disparity between the base voltage under the contact and un- 
der the emitter mesa. When combined with a collector-emitter 
leakage mechanism, this voltage disparity causes Gummel plots 
to be unreliable for the determination of current gain. For ex- 
ample, if the base-emitter contact voltage is 10V, and VCB is 
set at zero, the actual collector-base voltage under the emitter 
mesa is 7V reverse, and the collector-emitter voltage is 10V. In 
devices that suffer from collector-emitter leakage, the forward 
current resulting from leakage may be greater than the current 
associated with the transistor action of the device. In this sit- 
uation, the transistor current cannot be distinguished from the 
leakage current. A Gummel plot of a device with leakage cur- 
rent is shown in Figure 11. Although the Gummel plot suggests 
a current gain of 50, the common emitter characteristic for the 
same device, Figure 12, shows that the actual current gain is less 
than unity. Common base characteristics may also be mislead- 
ing. This is because a collector-emitter leakage path will pass 
current without loss to the collector, and this may be misinter- 
preted as unity injection efficiency and transport. If the mea- 
surement is intended to demonstrate the transconductance of the 
device, care must be taken to drive the device with a voltage 
source rather than a current source. Transconductance is de- 
fined as Gm = OIC/OVBE- The parallel leakage path in the 
common base mode of the transistor may not be apparent when 
driven by a low output conductance current source, as the lower 
conductance of the source dominates. We conclude, therefore 
that when common-emitter characteristics are not useful due to 
emitter-collector leakage, common base and Gummel character- 
istics are not reliable in determining current gain. 

VIII. MAGNESIUM MEMORY EFFECT 

The acceptor dopant most commonly used for p-type GaN is 
Magnesium. The Mg memory effect is common to many GaN 
MOCVD reactors. Etched-emitter devices are grown by MBE 
to avoid this problem. It is believed that due to the high Mg 
concentrations needed to adequately dope the p-type material, a 
substantial amount of Mg is left in an MOCVD reactor even af- 

ter the flow is stopped. This Mg then incorporates into the film 
during subsequent growth. SIMS measurements of Mg levels 
in an NPN structure are shown in Figure 13. The plot shows a 
large Mg tail past the point where the Si is turned on and the Mg 
turned off. Because HBTs are especially sensitive to emitter- 
base junction placement[20], a growth technique which can ac- 
curately define these junctions is required. MBE growth elim- 
inate these effects and enables the achievement of Mg doping 
profiles that are orders of magnitude sharper than in MOCVD 
grown GaN:Mg films. Another advantage of N2 source MBE 
over MOCVD when growing Mg-doped GaN is that no post- 
growth anneal is required to electrically activate the Mg atoms. 
The absence of hydrogen in the plasma-assisted MBE process 
makes this unnecessary. Also, the structures grown by MBE 
typically have lower background impurity concentration which 
has resulted in extremely high electron mobilities at low tem- 
perature in AlGaN/GaN HEMT structures[21]. Finally, we have 
found the MBE growth to be more reproducible with greater 
uniformity across the sample. 
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Fig. 13. SIMS study of Mg tail in the emitter of an MOCVD grown n-p-n 
structure compared with MBE grown junctions. In the MOCVD case, the 
second junction has been displaced by 170 nm past the point where the flow 
was stopped (coincident with the Si tum-on). For MBE the Mg turn-off is 
much more abrupt (2.5 nm/dec). 
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Fig. 15. Two-dimensional numerical simulation of current gain extrapolated 
from experimental data point as a function of base width. Simulation as- 
sumes that minority carrier lifetime in the neutral base is the limiting factor 
for current gain. 

IX. CURRENT GAIN 

The current gain of the GaN bipolar transistor is a major ob- 
stacle to the investigation of RF devices. The lifetime and the 
diffusivity of electrons in Mg doped GaN are unknown, but they 
are both expected to be low compared to practical base widths. 
This low lifetime is expected because of the high concentra- 
tion of Mg in the base (between 5 and lOxlO19 cm-3) and 
high levels of point defects in Mg doped GaN[ll]. Likewise, 
the electron velocity is expected to be adversely affected by the 
high base doping. Self consistent two-dimensional numerical 
simulations indicate the expected current gain as a function of 
base width (Figure 15). Although many key material proper- 
ties in GaN are unknown, estimates can be used to gain use- 
ful insight into expected trends. For these simulations the elec- 
tron lifetime used for the base was 25 ps. Minority carrier mo- 
bilities of fin=lQ0 cm2/Vs, ßp=l0 cm2/Vs and the effective 
masses, me=0.19 mo, mh= 0.6 mo were used. An advantage of 
AlGaN/GaN material system for HBTs is the large increase in 
bandgap with a relatively small Al composition: 

'« 20 
O • 
c 
9) 15 9 

t 
3 
u 10 
T3 
aj • -*-» a 1 
3 
E • 

0 VJ 0% 5% 10% 15% 

Base Grading 

Fig. 16. Simulation of current gain enhancement as a function of base grading. 
Initial data point is experimental current gain value, and is used as a basis 
for the extrapolation for the data points with base compositional grading. 
The current gain is assumed to be limited by the minority carrier lifetime in 
the base, and is assumed not to be a function of Al composition. 

Eq = 
5-fcT 
qWb 

(7) 

For a lOOnm base the quasi-field is then greater than 
1.25xl04 V cm-1. Simulations reflecting this dependence of 
current gain with base compositional grading predict a dramatic 
increase in gain for modest grading (Figure 16). We have fab- 
ricated graded base devices and found some enhancement with 
Al compositional grading in the base (See Figure 14). 

X. RF DEVICE CHARACTERIZATION 

Devices were grown using plasma assisted Molecular Beam 
Epitaxy (MBE) on templates grown by Metal Organic Chemical 
Vapor Deposition (MOCVD) on sapphire substrates. The device 
structure, Figure 17, consisted of a 500 nm GaN:Si (1018cm~3) 
subcollector followed by a 500 nm unintentionally doped (UID 
1 x 1016cm~3) GaN collector. 
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00 

Emitter GaN:Si 

EmitterAI01Ga09N:Si 

Base 100nm GaN:Mg 

Collector UID GaN 

N+Subcollector (MOCVD) 

Sapphire Substrate 100   200   300   400 
Position Z fnml 

Fig. 17. Left: Structure for AlGaN/GaN HBT grown by plasma assisted MBE 
on MOCVD GaN on sapphire. The collector is unintentionally doped (UID) 
GaN ND« 1016cm-3. Right: Simulated band diagram of typical device. 
The Alo.1Gao.9N heterojunction provides s 
into the emitter. 

ilOkT barrier to hole injection 

Eg (A/TV) - Eg {GaN) st 100 • kT (6) 

Suggesting that a compositional grade across the. base of only 
5% can result in an energy drop of 5kT. Assuming the acceptor 
level remains fixed relative to the valence band, this results in a 
quasi-field in the base of 

The base was 100 nm GaN:Mg (5xl019cm~3) which due 
to the partial ionization of the Mg acceptors[ll] leads to a 
hole concentration of 8xl017cm-3. Following the base layer 
is an abrupt heterojunction Alo.1Gao.9N (25 nm Si doped 
3xl018cm-3) emitter capped with 5 nm of GaN:Si as a con- 
tact layer. 



Because Mg is a deep acceptor in GaN, high Mg concentra- 
tions, « 5xl019cm-3, are required to achieve hole concentra- 
tions in the base of « 8x 1017cm~3. In addition, the hole mo- 
bility in this material is low, » 10 cm2/V-s. This resulted in 
a sheet resistivity of 100 kfl/square in the 100 nm base of the 
device tested. High contact resistances complicate the problem, 
and fully ohmic contacts are difficult to achieve - especially on 
etched surfaces. The processing associated with the p-type base 
also presents several hurdles. Due to a lack of a reliable, con- 
trollable wet etch, a Cb reactive ion etch (RIE) is convention- 
ally used for etching AlGaN and GaN layers. Unfortunately, 
this etch does not stop on p-type layers, and damages the p-type 
surface, leading to poor contact quality. Also, the etch may lead 
to damaged sidewalls, contributing to base emitter leakage and 
high recombination rates at the emitter-base sidewall. 

A. Device Fabrication 

The devices were fabricated using CI2 RIE and standard 
liftoff metalization techniques as well as planarization and etch 
back techniques for the RF pad air bridge steps. Device fabrica- 
tion consisted of an emitter mesa etch followed by base contact 
metalization (Pd/Au) and a base mesa etch. Collector and emit- 
ter contacts were then deposited (Ti/Al/Ni/Au). Next, a longer 
etch was used to isolate the devices to the sapphire substrate, and 
Cyclotene BCB was used to planarize device structures. A blan- 
ket CF4+O2 plasma etch was used to etch back the BCB and 
expose the emitter contact. Vias are then opened in the BCB 
exposing the base and collector contacts, and Ti/Au posts de- 
posited. Contact pads were then deposited, completing the fab- 
rication of the devices. 

B. Electrical Characterization 

DC and RF device characterization was performed on these 
devices. The DC current gain was found to be 3.5 with com- 
mon emitter operation and low output conductance to 15 V (Fig- 
ure 18).   The low gain of these devices is thought to be asso- 
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The high offset voltage is associated with a large voltage drop 
across the base contact [?]. Small signal RF characterization 
with a vector network analyzer (VNA) from 50MHz to 10GHz 
showed agreement with DC gain measurements at 50MHz, with 
a 3dB reduction in the short circuit current gain (H2i) at 200 
MHz and a roll off of approximately lOdB/decade. The current 
gain cutoff frequency was 2 GHz, although the response with 
frequency became nearly flat after 1 GHz (See Figure 19). This 
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Fig. 19. Small signal short circuit current gain (Ubi) and Mason's unilateral 
gain (U) of device. Ic=4 mA. Simulated curve is a small signal simulation 
of the equivalent circuit shown in Figure 20 

non-ideal behavior of the device is thought to be due to the high 
sheet resistance of the base layer as well as high base contact 
resistances. The high resistance in the base leads to an equiv- 
alent circuit consisting of a distributed parasitic base-collector 
RC network which cannot be treated as a single RC time con- 
stant (Figure 20).   The result is a continuum of time constants 
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Fig. 20. Schematic of equivalent circuit of simulated circuit drawn on cross sec- 
tional diagram of device structure. Dashed boxes represent repeated blocks. 
Each block is repeated 'n=25' times. The element values used in the sim- 
ulation were as follows: CCBX = 0.4 pF, RcX =60 Q. CCBA = 50 fF, 
CBE = 0.6 pF, CCBT = 30 fF, Rs = 100 kn/square, gm=lE/VT = 350 mS, 
re = 3 fi. 

Fig. 18. Common Emitter characteristics of the 3x50 /imdevice. Base current 
is in steps of 250 fiA. 

ciated with low minority carrier lifetimes in the base as well as 
sidewall recombination and possibly base-emitter leakage paths. 

which together lead to a reduction of H2i of « 10 dB/decade in 
frequency as opposed to the usual 20 dB/decade. To confirm the 
plausibility of this model, a finite element small signal equiva- 
lent circuit simulation was carried out using HP ADS. A repre- 
sentation of the simulated circuit is shown in Figure 20 and the 



result plotted in Figure 19. A diagram of the relevant geometries 
of the device are shown in Figure 21. 

Fig. 21. Diagram of the device geometry for the AlGaN/GaN HBT and the 
geometry used to model the small signal RF response of the device. Device 
dimensions are as follows (in microns): WE =3, LE = 50 , W Access = 1. 
WBC =9,WBCX =8,LBC =72. 

To model the distributed nature of the device, the active and 
access blocks are repeated 25 times (as indicated in Figure 20). 
CCBX = 0.4 pF represents the capacitance under the extrinsic 
base contact, and is in series with a vertical contact resistance, 
RcX = 60 fi. CBC also has a component in the access region to 
the base (CCBA = 50 fF). Active device blocks contain a hybrid- 
pi small signal equivalent circuit element with a base-emitter 
capacitance (CBE = 0.6 pF) and a base-collector capacitance el- 
ement (CCBT = 30 fF). The access and active blocks are con- 
nected by a sheet resistance, Rs = 100 kfi/square. The small 
signal transconductance, gm used was IE/VT = 350 mS, where 
VT is the thermal voltage, 26 mV, and the emitter current, IE 

was 9 mA. The values used in the simulation represent a mea- 
sured Rs in the base, IE, and approximate (within 5% ) lumped 
capacitance values calculated from the geometry of the device. 
There were several adjustable parameters due to the difficulty 
in measuring a non-linear base contact resistance, Rex. Re. as 
well as an unknown emitter resistance, REX and unknown for- 
ward transit time (TF), where: 

CßE — CßE Diffusion + CßE Depletion 

CßE Diffusion = TF • 9m 

(8) 

(9) 

Due to the many adjustable parameters, it is difficult to assert the 
correlation between all the values chosen for the simulation and 
actual device parasitics. It can be concluded, however, that the 
distributed finite element model gives a plausible explanation 
for the response of the device. 

XI. CONCLUSIONS AND FUTURE WORK 

Calculations based on material properties show the great po- 
tential of the GaN HBT. Technological barriers to the realiza- 
tion of this potential include low base conductivity, the deep 
acceptor- Mg, emitter collector leakage currents, and short elec- 
tron lifetimes in the base. Selective area regrowth of base con- 
tact areas has demonstrated improvement of the extrinsic base 
conductivity, while emitter mesa regrowth was used to avoid 
etch damage, which is known to degrade base contacts. The 
use of LEO templates for HBTs has demonstrated the need for 
low dislocation densities in GaN for HBTs, and doping studies 

have confirmed the compensating nature of these dislocations 
in p-type GaN. Aluminum compositional grading in the base 
of an AlGaN/GaN HBT is expected to enhance carrier trans- 
port across the base, and common-emitter characteristics of a 
graded base device were presented. It is expected that for high 
frequency operation, the emitter stripe width, base thickness, 
base-emitter access length, and base contact size must all be re- 
duced significantly. Furthermore, the base contact resistance as 
well as the base sheet resistance must be reduced to attain power 
gain from this device. We conclude, therefore, that although the 
development of the AlGaN/GaN HBT faces significant techno- 
logical obstacles, the potential viability for an RF device has 
been demonstrated, suggesting a direction for further develop- 
ment. Future efforts will be concentrated on improving current 
gain and reducing base contact and bulk resistance. 
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