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 1 Introduction Compared with field effect devices, 
heterojunction bipolar transistors (HBTs) can afford high 
operation frequency without being largely limited by the li-
thography technique and can potentially offer higher line-
arity, larger power density and better threshold voltage uni-
formity [1]. HBTs fabricated on AlGaN/GaN heterostruc-
tures have been expected to operate at both high power 
density and high frequency due to the high critical field 
and large anticipated electron saturation velocity of III-
nitrides. However, progress in AlGaN/GaN HBTs has been 
retarded by the highly resistive p-GaN base layers and the 
large contact resistance of ohmic contacts on p-GaN [2]. 
To find another suitable base material, the AlGaAs/GaAs 
heterostructure seems to be a good candidate owing to its 
large electron injection efficiency and easily obtainable 
low contact resistance of ohmic contacts on p-GaAs. Com-
bining the advantages of both GaAs and GaN material sys-
tems, AlGaAs/GaAs/GaN HBTs are promising for high-
speed, high-power applications. However, the large lattice 
mismatch between GaAs and GaN makes it extremely dif-
ficult to grow high-quality AlGaAs/GaAs/GaN double het-
erostructures epitaxially. Wafer fusion, on the other hand, 

can bring together two materials of different lattice con-
stants, crystal structures or orientations. Recently, we have 
reported wafer fused AlGaAs/GaAs/GaN HBTs exhibiting 
current gain of 5-10 [3, 4]. 
 When an npn HBT works at forward active regime, 
electrons are injected from the emitter into the base, dif-
fuse to the base-collector junction and finally reach the col-
lector contributing to the collector current. It is desirable to 
let as many electrons as possible arrive at the collector and 
any potential barrier at the base-collector interface may 
prevent electrons from entering the collector. The conduc-
tion band discontinuity between GaAs and GaN can form 
such a potential spike at the direct GaAs/GaN interface, 
having adverse effects on current gain of Al-
GaAs/GaAs/GaN HBTs. To alleviate this current blocking 
effect, a lightly doped GaAs setback layer can be sand-
wiched between the GaAs base and GaN collector to pull 
down the interface potential spike. Either n-type or p-type 
GaAs, as long as the doping level is low, can be used as the 
setback material. However, secondary ion mass spectrome-
try (SIMS) studies [5] showed that impurities including Si, 
O and C tend to getter near the fusion interface.  Therefore, 

The role of doping type in the setback layer of wafer fused 
AlGaAs/GaAs/GaN HBTs has been investigated.  The calcu-
lation assuming an ideal GaAs/GaN interface indicates that 
the current blocking effect due to the conduction band discon-
tinuity between GaAs and GaN can be effectively alleviated 
by inserting a lightly doped GaAs setback layer with either n-
type or p-type doping. And the n-type setback is expected to 
work better than the p-type setback for the same doping con-
centration. In experiments encouraging current gain of ~ 8 
was observed in wafer fused HBTs containing 30 nm GaAs 

 setback layers of either n-type or p-type doping, substantially 
improved from the HBTs without any setback, but still much 
smaller than annealed as-grown AlGaAs/GaAs/GaAs HBTs.
It was proposed that the non-ideal fused interface with a thin 
disordered material and interface charges/traps dominates the 
device performance, and that likely both types of fused HBTs 
(setback doping concentration is ~ 1 × 1017 cm–3) have similar 
band diagrams after taking into account impurity redistribu-
tion near the interface. 
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the effective doping thus the electric field in the setback 
layer could be substantially altered. For instance, an in-
tended p-type setback might be effectively an n-type set-
back due to impurity redistribution.  
 To understand the effect of the impurity redistribution 
in the setback with different doping types, fused HBTs 
with n- or p-type setback but the same nominal doping 
concentration were prepared under the same conditions.  
The current gain improvement was investigated and com-
pared to the theoretical evaluation assuming an ideal 
GaAs/GaN interface. 
 
 2 Experiments The AlGaAs/GaAs wafers in this 
study were grown by molecular beam epitaxy (MBE) with 
a 30 nm n-type (~ 1 × 1017 cm–3 Si) or p-type (~ 1 × 1017 
cm–3 C) GaAs setback layer on the top. Then the wafers 
were flipped over and fused with GaN wafers at 550 ºC for 
1 h in a N2 atmosphere. An external pressure of ~ 5 MPa 
was maintained upon the two wafers during fusion. After 
wafer fusion, the GaAs substrate was removed by polish-
ing and wet etch. Detailed device structures and wafer fu-
sion process can be found in Ref [4].  
 

 

Figure 1 Simulated conduction band diagrams of p-GaAs/n-GaN 
base-collector junctions without/with setback layers of different 
doping types and doping concentrations. 
 

 3 Results and discussions Figure 1 shows the 1-D 
Poisson simulated conduction band diagrams of p-GaAs/n-
GaN base-collector junctions with/without setback layers 
for the ideal case, assuming the conduction band offset to 
be 0.3 eV [6]. It can be seen that insertion of a lightly 
doped GaAs setback layer, regardless of doping type, can 
effectively lower the potential spike at the GaAs/GaN in-
terface. With increasing doping concentration, the n-type 
setback can pull down the spike increasingly lower than 
the p-type setback for the same doping concentration. 
 The electron kinetic energy at the setback/n-GaN inter-
face can be obtained by solving a simplified energy bal-
ance equation [7] and is plotted in Fig. 2 as a function of 
the reverse base-collector junction voltage VCB. As shown 
in the figure, an electron can gain more kinetic energy after 
transporting through an n-GaAs setback layer than a p-

GaAs setback layer. The higher electron kinetic energy en-
hances its probability of reaching the n-GaN side, increas-
ing the collector current and thus current gain. 
 

 

Figure 2 Electron kinetic energy at the setback/n-GaN interface 
as a function of the reverse base-collector junction voltage.  
 
 To investigate the role of doping type experimentally, 
AlGaAs/GaAs/GaN HBTs were fabricated on two fused 
samples, one with lightly doped p-GaAs and the other with 
lightly doped n-GaAs as the setback material. The setback 
layer thickness is 30 nm and the doping concentration is ~ 
1 × 1017 cm–3.  After wafer fusion and substrate removal, 
continuous and smooth AlGaAs/GaAs emitter-base films 
were obtained on GaN, as shown in Fig. 3. The roughness 
of the top GaAs surface was measured by atomic force mi-
croscopy (AFM) to be  ~ 10 Å, which is reasonable con-
sidering the roughness of as-grown GaAs and GaN was ~ 3 
Å and 6 Å, respectively. 
 

 

Figure 3 (a) Optical image of a fused AlGaAs/GaAs/GaN sam-
ple after substrate removal, showing a continuous and smooth 
transferred film, and (b) 2 µm × 2 µm AFM scan on the top sur-
face of the transferred GaAs with a roughness of ~ 10 Å. 
 
 The common-emitter family IVs of the best wafer 
fused AlGaAs/GaAs/GaN HBTs with the 30 nm p-GaAs 
setback (emitter area: 100 × 120 µm2) and the 30 nm n-
GaAs setback (emitter area: 50 × 100 µm2) layers are plot-
ted in Fig. 4. Both devices exhibit considerably improved 
current gain of ~ 8, compared to the fused HBTs without 
setback layers showing almost no current gain [8]. But  
the current gain is still much smaller than as-grown  

(a) (b) 

rms ~ 10 Å 
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AlGaAs/GaAs/GaAs HBTs (~ 80) with the same emitter-
base structures annealed at 550 ºC for 1 h [3]. 
 

 

Figure 4 Common emitter family IVs of wafer fused  
AlGaAs/GaAs/GaN HBTs with different doping types. 
 
 The calculation shown in Fig. 2 indicates that for both 
doping types at 1 × 1017 cm–3 the electron kinetic energy at 
the GaAs/GaN interface can be > 0.3 eV at VCB as low as 2 
- 4 V. Thus, the collector current is expected to saturate at 
higher VCB if the barrier height is ~ 0.3 eV. However, it is 
observed that the collector current of neither device satu-
rates even at VCB as high as 5 V. This implies two possible 
scenarios: 1) the effective barrier height at the fused inter-
face is > 0.3 eV and 2) the energy band of the setback layer 
is flatter than expected, both of which can take place in the 
fused HBTs. For the first scenario, a conduction band off-
set of ~ 0.3 eV was obtained theoretically assuming a per-
fect integration between GaAs and GaN. In a wafer fused 
GaAs/GaN structure, it is very likely that interface states 
form thus changing the effective band offset. Furthermore, 
a higher effective barrier height could result from a thin 
disordered possibly insulating material at the fused inter-
face, which has been indeed revealed by transmisson elec-
tron microscopy studies [9]. For the second scenario, im-
purity redistribution near the fused interface could lead to a 
higher effective p-dopant concentration in the setback layer 
thus a flatter band as indicated by Fig.1. It is also possible 
that a sheet of negative charge at the fused interface exists 
thus forming a barrier spike for electrons. Since the charge 
distribution of the yet unknown interface states likely var-
ies with varying base-collector bias, it is not trivial to nar-
row down to a particular mechanism mentioned above.  
Nevertheless, C-V and temperature dependent I-V meas-
urements together with analysis of the apparent Early volt-
age determined from fused HBTs are currently being car-
ried out in order to obtain further insight on this issue. The 
preliminary results indicate that traps exist at the fused 
junction. Electrons can be trapped and then lost by either 
the potential barrier or traps at the interface, which can ex-
plain the relatively low current gain in comparison with the 
annealed as-grown AlGaAs/GaAs HBTs. We therefore hy-
pothesize that the non-ideal fused interface with an inter-

face barrier and interface charges/traps dominates the de-
vice performance, and that likely both types of fused HBTs 
have similar band diagrams after taking into account the 
impurity redistribution near the interface. 
 
 4 Conclusions The role of doping type in the setback 
layer on wafer fused AlGaAs/GaAs/GaN HBTs were in-
vestigated considering the impurity redistribution near the 
fused interface. The experimental results show that by in-
serting a setback layer the device current gain indeed im-
proves appreciably over HBTs without setback, and that 
little difference is observed between HBTs with n-type and 
p-type setback of ~ 1 × 1017 cm–3. Though complicated by 
the existence of disordered material and interface charges 
at the fused interface, it is very likely that the doping type 
in the setback layer does not play a critical role in the re-
sultant HBT performance as long as its doping concentra-
tion is less than ~ 3 × 1017 cm–3. 
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