APPLIED PHYSICS LETTERS VOLUME 77, NUMBER 24 11 DECEMBER 2000

Integration of GaN with Si using a AuGe-mediated wafer bonding technique
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This letter describes integration of GaN with Si using a AuGe alloy as a bonding material. GaN is
first grown on GaAs and then GaN/GaAs/AuGe/Si and GaAs/GaN/AuGe/Si structures are
fabricated by wafer bonding. For the latter structure, the GaAs substrate is removed by mechanical
and chemical etching. From the current—voltage measurements of both structures, it is found that the
bonded interfaces do not obstruct the carrier transport. Furthermore, the optical reflection
measurements reveal that AuGe works well as a mirror, which is a suitable characteristic for the
integration of GaN light-emitting devices with Si. ®000 American Institute of Physics.
[S0003-695(00)03750-5

The monolithic integration of GaN-based optoelectron-bonded with Si, while in sample B the surface of GaN is
ics with Si-based microelectronics makes it possible to fabbonded with Si and then GaAs is removed. For both cases,
ricate “smarter” devices. The realization of the monolithic the GaN layers on GaAs were grown by atmospheric-
devices relies on the achievement of device-quality GaN ompressure metalorganic vapor phase epitdtM@VPE) in the
the Si substrates, which has motivated several studies on tfiellowing manner. First, a 10-nm-thick AlAs layer was
heteroepitaxial growth of GaN on &i® However, the het- grown at 700 °C using trimethylaluminum and tertiarybuty-
eroepitaxy presents significant challenges due to the larglarsine as source precursors miGaAg001) substrates (1.4
mismatch in lattice constants-20%) and thermal expansion x10'® cm™3) which were mirror polished on both sides.
coefficients (2.6&¢10 ¢ K™* for Si and 5.6¢10 ® K™* for  Then, GaN approximately 0.26m-thick was successively
GaN), and their properties are still poorer than those growrgrown at 600-650 °C using triethylgallium and dimethylhy-
on sapphire, the much widely used substfate. drazine. We have recently found that GaN grown on AlAs is

An alternative approach to optoelectronic integration isin the hexagonal phase even on the G&@84) substrate:*
wafer bonding. This technique has been applied to manfhe present samples, as well, were confirmed by x-ray dif-
material combinations such as InP on Si, InP on GaAs, GaAfaction to be c-oriented hexagonal GaNh-GaN) with
on Si, and so of-® Regarding GaN on Si, direct bonding by GaN1010]|GaAg$110] in the in-plane direction. The root
atomic rearrangement is likely to be difficult chiefly due to mean square value of the GaN surface roughness was esti-
the same reasons for the heteroepitaxial growth mentioneghated by atomic force microscopy to be 10 nm. In the fol-
above. Also, for the $001) surface, on which Si devices are lowing discussions, the GaN-on-AlAs/Ga@91) hetero-
fabricated generally, the mismatch in crystalline structurestructure is simply referred to as GaN/GaAs.
with hexagonal GaN obstructs the direct bonding. A solution  Following the epitaxy, the samples were cut into pieces
to avoid these issues is a metal-mediated low-temperatursf a size of (3< 3) mn¥, and alsop-Si(001) of a similar size
bonding technique. Recently, Woreg al. reported the inte- was prepared. The resistivity of the-Si substrate was
gration of GaN/sapphire with Si using a Pd—In metallic bond
and excimer laser liftoff.On the other hand, this study de-

scribes the integration of GaN/GaAs with Si using a AuGe (a) sample A (b) sample B
alloy as a bonding materialThere are two reasons for the GaN < Gahs
use of GaAs substrates for GaN growth. The first reason is GaAs RS =
the close matching of the thermal expansion coefficient of e
GaN with that of GaAs (5.%10 ® K1) in comparison to i ™ AuGe”” i
that of sapphire (7.810°% K™Y). This characteristic pre- ~ >
vents the bending of the wafer and enables bonding of a wide Si Si
area. The other reason is that GaAs can be removed by me-
chanical polishing and chemical etching, by which GaN is @ Bonding @
easily transported onto Si. It will also be demonstrated that GaAs
AuGe does not obstruct carrier transport across the bonded GaN removed
interfaces, and that AuGe potentially works as a mirror GaAs GaN
which may enhance the output efficiency of GaN light- 7
emitting devices on Si. ' AuGe :
The sample structures investigated here are schemati- Si Si

cally shown in Fig. 1. In sample A, the backside of GaAs is

FIG. 1. Schematic views of the fabricated samples. In sampl@)Athe
backside of GaAs is bonded with Si, while in samplél3, GaN is bonded
¥Electronic mail: funato@kuee.kyoto-u.ac.jp with Si and GaAs is removed.
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FIG. 2. 1-V characteristics of GaN/GaAs/AuGe/Si formed by bonding -10t

(sample A and GaN/GaAs for comparison measured at RT. The GaN layer o .
was biased positive. FIG. 3. |-V characteristic of sample BGaN/AuGe/Si measured at RT.

The GaN layer was biased positive as is the same as Fig. 2.

0.007-0.02(2 cm, which corresponds to the carrier concen-
tration of 1—7x 10'® cm 3.** The Si substrates were given a Solid-phase epitaxial regrowth of GeSi alloys on the Si sub-
rinse in HF:HO=1.5:100 solution and blown dry to remove Strate occurred during the bonding process of GaAs and Si
surface oxide. Then, 50-nm-thick AuGe films were deposited!sing the AuGe alloy. Based on their observation, we con-
onto the backside of GaAsample A or the surface of GaN sider that the formation of a narrower band-gap material of
(sample B, and a clean Si substrate. The AuGe-coated>eSi on Si facilitates the carrier injection, making the AuGe/
samples were stacked face to face, i.e., GaN/GaAs/AuGe/$iSi contact ohmic.
(sample A and GaAs/GaN/AuGe/Ssample B, in intimate Concerning the rectifying properties, that will originate
physical contact. The bonding process was carried out in #om the GaN/GaAs heterointerface. The carrier concentra-
hydrogen ambient at 280—300 °C for 30 min. For sample Bfion and the resistivity of the GaN layer were estimated by
GaAs was thinned by mechanical polishing to about 4@  the Hall effect measurement to be %.50'* cm 3 with
and removed completely by chemical etching inn-type conductivity and 14£10° Qcm, respectively.
H,S0,:H,0,:H,0=5:1:1 solution, which was preliminarily Namely, GaN/GaAs is an—n isotype heterojunction with
confirmed to have an excellent selectivity for the GaN-the different carrier concentrations. In order to estimate the
(AlGa)As system. The surface of the GaN layer left on Sibuilt-in potential, which plays an important role in determin-
was slightly degraded compared with that of as-grown GaNing the carrier transport properties, the Fermi levels in GaAs
but still optically smooth. and GaN were calculated from their carrier concentrations.
For the investigation on the carrier transport propertiesAnother physical parameter necessary for calculating the
ohmic contacts were formed using Al for batkSi and GaN  built-in potential is the band offset. There is no available data
after bonding(and removal of GaAs in the case of sampleof the band offset at thB-GaN/GaA$001) interface. How-
B). The diameter of the Al contact for GaN was 0.8 mm. Theever, if we use the conduction band offset experimentally
ohmic nature of these electrodes had been confirmed in preletermined for cubic GaN/Ga#301) of —0.03 eV (type I
ceding to the present study. The current—voltage\) band alignment? and that theoretically predicted for cubic
characteristics of the bonded heterostructures were measur€&Nh-GaN of 0.154 e\A2 the conduction band offset be-
at room temperaturéRT). In this study, forward bias means tweenh-GaN and GaA®0Y) is presumed to be 0.154-0.03
that the GaN side is biased positive with respect to the SeV=0.151 eV (type | band alignment Using these quanti-
side. ties, the built-in potential was evaluated to be approximately
Figure 2 shows thé—V characteristics of sample A and, 0.4 eV, which is close to the experimentally observed
for comparison, GaN/GaAs, that is, the sample before beingurn-on voltage of 0.6—0.7 Vsee Fig. 2, and considered to
bonded with Si. An ohmic contact teGaAs in the reference be the origin of the rectifying properties.
sample was formed by deposition and annealing of AuGe. Let us move on sample B. Thie-V characteristic of
As seen in Fig. 2, both curves are essentially the same, esample B was measured at RT and the result is shown in Fig.
hibiting the clear rectifying properties. The reason for the3. An ohmic character is clearly observable. As was dis-
higher resistance in sample A, which is implied in the volt- cussed with Fig. 2, the AuGe/Si contact is ohmic. Therefore,
age ranges above 0.5 V and belowl V, is unknown at Fig. 3 provides another interesting finding that the AuGe/
present, but at least it is not related to the bonded interfac&aN contact is also ohmic at least for the present sample
as is proved below. Thode-V characteristics strongly sug- with a relatively high resistivity. From the slope the resis-
gest that the bonded interface does not affect the carrigance was evaluated to be 2QX% Since the resistance of
transport properties, regardless of the presence of the con-Si is less than 0.1%), the resistance of 20.2 directly
duction band offset at the-GaAsh-Si interface(0.579 eV.®  reflects that of the GaN film. Using the resistivity measured
This can be achieved only when both AuG&aAs and by the Hall effect measurement and the dimension of the Al
AuGeh-Si contacts are ohmic. In principle, the former con- electrode, the expected resistance is calculated to h@.53
tact is ohmic, but the latter contact should be Schottky. AThe difference is probably caused by the expansion of the
clue to explaining why AuGe/Si behaves as ohmic can be current pass due to the absence of a mesa structure.

found in the study by Maet al.” They have revealed that The results on both samples A and B indicate that the
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1T— 0.26 um. Due to the higher reflectivity of AuGe than GaAs,
_:xg:ggg:mﬁjé:gfee’s' the reflectivity of sample B is basically higher than that of
0.8} sample A, suggesting higher potential of sample B for opto-
- L electronic applications. In sample B, the reflectivity in a
T 0.6l shorter wavelength region is smaller than that in a longer
B I wavelength region. This is due to the decrease of the reflec-
2 0.4 tivity of AuGe in a short wavelength region, and if we can
& il find other bonding materials which have a higher reflectivity,
0.2k the reflectivity will be improved further.
s In summary, GaN was integrated with Si using AuGe as
0’ oY an adhesion material. The fabricated structures were GaN/
400 500 600 700 800 900 GaAs/AuGe/Si and GaN/AuGe/Si. THe-V measurements

at RT revealed that the bonded interfaces do not obstruct the
carrier transport, which can be an advantage for devices re-
FIG. 4. Reflection spectra of samples A and B measured at RT.  quiring the current injection through Si. Furthermore, the

reflectivity measurements revealed that AuGe works as a

o . . .mirror. This characteristic is suitable for the integration of
electron injection from Si substrates to GaN or vice versa I$5aN light-emitting devices with Si

possible through the interface bonded via the AuGe alloy.
This is expected to be a strong merit for the integration of  The authors thank S. Yamamoto in our laboratory for his
_actual devices. Also, it should be emphasizgd that the bOﬂChe|p in the MOVPE growth_ A part of the experiments were
ing was conducted at less than 300 °C, which enables us tgarried out using the facilities at the Kyoto University Ven-
apply this technique to the integration of GaN with metalizediyre Business LaboratorKU-VBL ).
Si devices. A remaining issue toward the achievement of
integration of GaN devices with Si devices will be the diffu-
sion of Au into Si because Au easily diffuses in Si and forms 'S. Guha and N. A. Bojarczuk, Appl. Phys. LeT2, 415(1998.
deep |eve|s7 as iS We” known_ However, the formation Of 2T. Lei, M. Fanciulli, R. J. Molnar, T. D. Moustakas, R. J. Graham, and J.
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When GaN light-emitting devices are integrated on Si, it *s. Nakamura and G. FasoThe Blue Laser DiodeSpringer-Verlag,
is important for the improvement of the output efficiency to 5'\'('9::*9"_“'% é?fz oM H A K 4T R Lee Aol Ph
prevent the photoabsorption in Si. For this purpose, GaN/ Létt..580’19.61(1aQ’9]): -rwang, . A. oza, and 1. . Lee, Appl. Fhys.
AuGe/Si(sample B seems to be a promising structure be- ¢y, c. zhou, z. H. Zhu, D. Crouse, and Y. H. Lo, Appl. Phys. L&,
cause AuGe may work as a mirror. In order to ascertain this, 2337(1998.
reflectivity was measured at RT. The light from a halogen "The use of AuGe as an adhesion material has originally proposed for
| d th h h ) irradiated h GaAs and InP on Si by Z. Ma, L. Zhou, H. Morkok. H. Allen, and K.
amp passed through a monochromator was irra |at¢ to thec "igien, Appl. Phys. Leta, 772(1994.
samples from the surface normal, and the reflected light wasw. s. wong, Y. Cho, E. R. Weber, T. Sands, K. M. Yu, J. §eu A. B.
detected by a photomultiplier. The results for the samples A Wengrow, and N. W. Cheung, Appl. Phys. Let6, 1887(1999.
and B are compared in Fig. 4. The spectrum of sample A ngM‘ Funato, T. Ishido, A. Hamaguchi, Sz. Fujita, and Sg. Fujita, Appl.

. . . . . Phys. Lett.77, 244 (2000.
determined by the reflection of t_he irradiated _Ilght at the GaNor |shido, M. Funato, A. Hamaguchi, Sz. Fujita, and Sg. Fujita, J. Cryst.
surface and at the GaN/GaAs interface, while the spectrum Growth (in press.
of sample B mainly by that at the GaN surface and at thé'S. M. SzePhysics of Semiconductor Devicg#/iley, New York, 198,
; ot Chap. 1.

GaN/AuGe |_nterface. Therefore, _the qbserved oscﬂlanons argg ' Ding, S. R. Barman, K. Horn, H. Yang, B. Yang, O. Brandt, and K.
QUe to the interference of the light in the QaN f|.Ims and, pioog, Appl. Phys. Lett70, 2407 (1997.
indeed, corresponded well to the designed film thickness ofM. Murayama and T. Nakayama, Phys. Rev4® 4710(1994.

Wavelength (nm)

Downloaded 30 May 2007 to 130.54.110.22. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



