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GaAs/GaN pn heterojunction diodes have been fabricated by direct wafer fusion and characterized
by capacitance-voltage (C-V) measurements and temperature dependent current-voltage (I-V)
measurements. The wafer-fused pn diode showed a good rectifying behavior, but a small turn-on
voltage was observed, which was attributed to defect-assisted tunneling-recombination. The
flat-band voltage extracted from C-V is around 0.46 V, much smaller than the built-in voltage
calculated for an ideal GaAs/GaN pn heterojunction. A band diagram including interface charge
effects together with a possible energy barrier, stemming from a layer of disordered material at the
fused GaAs/GaN interface, has been proposed to explain the experimental observations. © 2008
American Institute of Physics. [DOI: 10.1063/1.29836438]

Hybrid integration using wafer fusion can combine opti-
mal properties of different material systems, offering unique
device characteristics that are otherwise unobtainable by ei-
ther of the single materials involved. The AlGaAs/GaAs/
GaN heterojunction bipolar transistor (HBT) is such an ex-
ample, which could potentially take advantage of the high
emitter injection efficiency of AlGaAs/GaAs, short transit
time in p-type GaAs, and high breakdown voltage of
GaN, and thus is a promising candidate for high speed, high
power applications. Wafer-fused AlGaAs/GaAs/GaN HBTs
were reported by Estrada et al.' (current gain of ~2) and us
(current gain of ~5 to 20).>* To further improve the
current gain of these HBTs, it is critical to understand the
band alignment between the p-GaAs base and the n-GaN
collector. In this work, GaAs/GaN pn heterojunction
diodes fused at 550 °C for 1 h were fabricated and charac-
terized by capacitance-voltage (C-V) and temperature depen-
dent current-voltage (I-V) measurements. Defect-assisted
tunneling-recombination was found to be the predominant
conduction mechanism at low forward bias. A band diagram
taking into account the interface barrier and interface charges
was proposed based on the experimental observations.

The GaAs wafer in this study was grown by molecular
beam epitaxy and GaN by metal-organic chemical vapor
deposition. After solvent clean and native oxide removal, the
two wafers were joined together in methanol and then an-
nealed at 550 °C for 1 h in a N, atmosphere with a back-
ground pressure of ~600 mT inside a furnace. During the
annealing process, an external pressure of ~5 MPa was
maintained on the two wafers. After the two wafers were
bonded together, the GaAs substrate was removed and a 100
nm thick p-type GaAs film was obtained on n-type GaN.
Nonalloyed Ti/Au and Al/Au were used as Ohmic contacts
on p-GaAs and n-GaN, respectively, and the effective device
area is 200X200 um?. The detailed diode structure is
shown in Fig. 1(a). C-V were measured using an Agilent
4294 A Precision Impedance Analyzer. Temperature depen-
dent I-V were measured using an Agilent 4155B Semicon-
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ductor Parameter Analyzer and Temptronic ThermoChuck
TP03000 between 233 and 353 K.

The energy band diagram of an ideal p-GaAs/n-GaN
heterojunction can be constructed by using Anderson’s
model and assuming the conduction band offset to be 0.3
eV, as shown in Fig. 1(b). Since GaAs in this work is much
more heavily doped than GaN, the heterojunction can be
treated as a one-sided junction. By plotting 1/C? versus V, a
linear line is expected and the doping concentration in GaN
can be extracted from its slope, while the diffusion potential
related to the band bending in n-GalN can be obtained from
its intercept with the transverse axis,6 which should be
around 1.6 V as indicated in the band diagram. As for the
carrier transport, if thermionic emission is the dominant
transport mechanism, electrons in n-GaN need to gain suffi-
cient energy to pass over the barrier at forward bias, and the
I-V ideality factor should be close to unity and independent
of temperature.

Figures 2(a) and 2(b) display the measured C-V and I-V
characteristics of the wafer-fused p-GaAs/n-GaN hetero-
junction diode, respectively. It can be seen that 1/C? is a
linear function of the applied voltage and the calculated ion-
ized doping concentration in n-GaN is 2.45X10'® cm™,
close to what is obtained from the C-V measurements of
Schottky diodes fabricated on n-GaN cleaved from the same
wafer. The capacitance at zero bias is 23.5 pF, revealing a
depletion region width of 134.0 nm in GaN. From the doping
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FIG. 1. (a) Detailed GaAs/GaN pn diode structures and (b) band diagram of

an ideal GaAs/GaN pn heterojunction assuming an ideal interface and a
conduction band offset of 0.3 eV.
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FIG. 2. (a) 1/C?vs V and (b) I-V of wafer-fused GaAs/GaN heterojunctions
measured at room temperature.

concentration and depletion region width, the band bending
in GaN was calculated to be 0.46 eV, consistent with the
flat-band voltage (0.46 V) obtained by extrapolating 1/C? to
zero. The extracted diffusion potential is surprisingly small
compared with the abovementioned theoretical prediction
(1.6 V). It was pointed out by Donnelly and Milnes’ that
charged interface states can affect the apparent diffusion
voltage obtained by extrapolating 1/C? to zero. Therefore
the extracted small diffusion potential indicates the possible
existence of considerable interface charges/states at the fused
GaAs/GaN interface.

The measured /-V shows typical rectifying effects and
the current increases exponentially at small forward bias. By
fitting the /-V using the empirical equation

= Is[eq(V_IR)/nkT _ 1], (1)

where [ is the saturation current, ¢ is the electron charge, R
is the series resistance, n is the ideality factor, k is Boltz-
mann’s constant, and 7 is the absolute temperature, the ide-
ality factor was found to be ~1.75 at room temperature,
indicating that there are recombination and/or tunneling cur-
rents. But direct band to band recombination currents or tun-
neling currents should be negligible considering the large
bandgap of GaN and the wide depletion region in GaN. It is
worth noting that the current becomes sufficiently large when
the forward bias is only about 0.25 V, much smaller than the
predicted diffusion potential of 1.6 V, as shown in Fig. 1(b).
Similar abnormal small “turn-on” voltage has been reported
on p-SiC/n-GaN heterojunctions, and it is attributed to the
defect-assisted tunneling current formed by electrons from
the conduction band of GaN tunneling into the valence band
of SiC through midgap defect levels and recombining with
the holes there.*’

To explore the carrier transport mechanisms in wafer-
fused heterojunctions, temperature dependent /-V were mea-
sured from 233 to 353 K with a step of 10 K. It was found
that the current at small forward bias increases with tempera-
ture and voltage following approximately exp(BT+yV),
where 8 and 7y are constants independent of temperature or
voltage. This relationship can be justified by Fig. 3. In Fig.
3(a), the current is plotted versus temperature at different
applied voltages. The semilog plots are linear and almost
parallel to each other, suggesting the current proportional to
exp(BT) at a fixed voltage. Figure 3(b) shows the current
versus voltage at different temperatures, indicating the cur-
rent proportional to exp(yV) at fixed temperature. Such cur-
rent dependence on temperature and voltage has been re-

Appl. Phys. Lett. 93, 112103 (2008)

-7
8l
9l
10}
£ 1l <
121
-A3- © V=005V
v V=010V
A4k A V=015V
5L ! 1 1 ’|V=o'2|0V 14 1 1 1 1 1
210 240 270 300 330 360 006 0.08 010 0.12 0.14
T(K Voltage (V)

(@) (b)

FIG. 3. (a) Semilog plot of current vs temperature at different applied volt-
ages and (b) semilog plot of current vs voltage at different temperatures.

ported in other semiconductor pn junctions, and a defect-
assisted multistep tunneling-recombination model is usually
employed to explain the experimental phenomena.”H2 It
there exist considerable amounts of midgap states in the
depletion region of GaN, electrons from the conduction band
of GaN can tunnel via these states and recombine with the
holes from the valence band of GaAs. Such tunnelinﬁg pro-
cess has been often observed in GaN Schottky diodes. ? The
ideality factor extracted from the temperature dependent /-V
was found to decrease from 1.99 at 233 K to 1.61 at 353 K,
indicating that tunneling-recombination currents are more
dominant at low temperature, while thermal currents begin to
take over as the temperature increases, an observation con-
sistent with the conventional tunneling current theory.14

The above analysis on the C-V and forward /-V charac-
teristics indicates that the band diagram in Fig. 1(b), drawn
for an ideal GaAs/GaN interface, is most probably inaccu-
rate. During high temperature annealing employed in the fu-
sion process, impurities and/or defects can migrate and getter
at the interface. Dangling bonds can form at the fused inter-
face and thermal expansion mismatch between GaAs and
GalN/sapphire can result in strain. All these interface imper-
fections may induce extra charge sources in addition to the
assumed uniform distribution of ionized dopants, modifying
the band bending in GaN. Besides, transmission electron mi-
croscopy study on wafer-fused GaAs/GaN has revealed the
presence of a thin disordered (1-2 nm thick) layer at the
bonded interface.' Taking into account the extracted small
diffusion potential, the interface charges, and disordered ma-
terial, we redraw the band diagram, as shown in Fig. 4, with
the electron transport process illustrated. Since both of the
depletion region in GaAs and the interface disordered layer
are thin, their contribution to the measured capacitance is
negligible. Considerable interface charges significantly lower
the band bending in GaN, resulting in a small flat-band volt-
age measured by C-V (~0.46 V). The even smaller ob-
served turn-on voltage indicates that defect-assisted tunnel-
ing is significant. We speculate that the interface defects
serve as effective recombination centers for electrons either
tunneled or thermally emitted from GaN with holes
from GaAs.

Under reverse bias, these defect states can also behave as
generation centers resulting in high leakage currents [Fig.
2(b)] and low breakdown voltage Vgr. We have modeled Vg
of GaAs/GaN pn heterojunctions using a nonlocal energy
model'® and found a theoretical Vgr of ~120 V and an ex-
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FIG. 4. Energy band diagram of wafer-fused p-GaAs/n-GaN heterojunction
including the interface charge effect and disordered material layer.

perimental Vgi of ~75 V for the same device structure. In
comparison to the Vg of GaAs pn homojunctions
(~20 V), the higher breakdown voltage of GaAs/GaN pn
junction confirms the expected advantage of GaN collectors.
However, the reverse bias leakage current needs to be re-
duced by minimizing concentrations of defects within the
bandgap, which may be possible by optimizing the wafer
fusion process. More investigations, both theoretical and ex-
perimental, are currently underway. Despite the abovemen-
tioned nonideality at the fused interface, current gain as high
as 20 and breakdown voltage (Vego) of ~35 V have been
achieved in fused HBTs with a 30 nm GaAs setback layer.4
More recently, the first wafer-fused radio—frequenc;f HBT
with f;~2.6 GHz has been fabricated and reporto;ad.1 These
experimental demonstrations suggest that it may be possible
to minimize the adverse effects of the interface barrier/states
to obtain functional devices using wafer fusion.

In summary, GaAs/GaN pn heterojunctions have been
formed by direct wafer fusion at 550 °C for 1 h. The doping
concentration in GaN was calculated reliably from the mea-
sured C-V. But the extracted diffusion potential energy was
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found to be much smaller than the band bending in GaN
predicted for an ideal GaAs/GaN pn heterojunction. I-V
showed a small turn-on voltage at forward bias and it is
attributed to tunneling-recombination currents assisted by
midgap defect energy levels. A band diagram taking into
account the interface charges and a possible interface energy
barrier was proposed to explain experimental observations.
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