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Equivalent bulk strength of the interface betwepsSi/n-GaAs bonded through the surface
activated bonding SAB) method is found. The interface current was extensively investigated.
Nonideal behavior of thgn junction current is found to be due to the tunneling current between the
conduction band and valence band across the transition region associated with band gap states.
Interface current decreases with increasing sputtering time and energy and vice versa. Irradiation
time and energy dependent behavior indicates that the accumulation of radiation induced defects
associated with the doping controls the interface curreipt-8i/n-GaAs. Moreover, strong impact

of the exposure to an ultrahigh vacuum atmosphere of the activated surfaces on the interface current
of p-Si/p-Siis found. Finally it can be suggested that a laser diode can be fabricated by the bonding
betweerp-Si andn-GaAs through the SAB method, because of the achievement of equivalent bulk
strength of the interface. @001 American Vacuum SocietyDOI: 10.1116/1.1414115

[. INTRODUCTION interface current must be demonstrated. In fact, while there

have been a number of reports on the SAB of SV/Si,
Fabrication of light emitting semiconductor diodes andsj/inP>~" and Si/GaAs”’ little has been reported on the

laser devices requires high quality interfaces among semiffect of exposure to an UHV atmosphere of the surfaces

conductor layers. The integration of Si and GaAs is promisactivated by the Ar-FAB on the bonded interface current.

ing for such applications. However, single crystal epilayersElectrical characterization, especially current—voltalge\)

of GaAs have been found to be difficult to grow due to thecharacteristics, can provide precise information on the state

lack of an appropriately lattice matched substrate material Sif the bonded interface.

with a reasonably close thermal expansion coefficient. Fur- In this article we report on the bonding gf-Si and

ther complications arise from the structural differencesn-GaAs and the evaluation of the bonding strength as well as

where Si is the diamond structure and GaAs is the cubidinterface state through the tensile test andIth¥ measure-

zinc-blende type material. A relatively new bonding tech-ments, respectively, under various conditions of sputtering as

nigue, called surface activated bondif8AB), has emerged well as exposing in an UHV atmosphere of the surfaces.

to circumvent these demerits. SAB is a solderless bonding

method that joins two similar and/or dissimilar clean sur-;| ExpERIMENTAL PROCEDURE

faces by means of the adhesive force of surface atoms in an

ultrahigh vacuum(UHV) at room temperaturéRT).! The  A. Sample preparation

clean surfaces are prepared by sputtering the sample surfaces\jrror polished samples of-Si(100) andn-GaAs(100)
with an argon fast atom beafAr-FAB) in the vacuum con-  haying dimension of5x5x0.45 and (10x10x0.35 mm?®,
dition. respectively, were used. The resistivity pfSi andn-GaAs
The performance of the bonding interface of relevant matwas in the ranges of 001 to 0.02 and
ing semiconductors produced by the SAB method must bg2.2t02.3x10°2Q cm, respectively. Doping elements for
demonstrated before the fabrication of the optical devicep-Sj andn-GaAs were B and Si, respectively, with the re-
The performance should be evaluated as a function of thgpective  carrier ~ concentration of >810'® and
surface flatness, the bonding strength, andghejunction  (1.2t01.3x10®¥cm™ 3. The mesa structured Si was used to
quality. Hosoda and her colleagues have reported that thgvoid any effects of the edges of the small sample on the
higher the surface roughness, the lower the bonding strengtionding. Therefore the contact area between bonded samples
of Al and Al,O; bonded through the SAB procesdhey was (3x3) mm?. The p-Si sample was cleaned with,80,
have also investigated the influence of the exposure to a@) and HO, (1) solution at 65 °C for 10 min followed by
UHV atmosphere of the surfaces of Al, Si, and Siécti-  immersion in 3% HF to remove oxide layers. The sample
vated by the Ar-FAB on the bonding strengttMoreover, was then boiled in a solution of NJ®H (1), H,0, (1), and
since the mating surfaces are cleaned with a high energetid,O (5) at 65 °C for 10 min. The sample was rinsed in water
(0.6-1.5 keV Ar-FAB source, the effect of irradiation on the after each chemical treatment. Finally, theSi sample was
dried by blowing nitrogen on the surfaces. TheGaAs
¥Electronic mail: matiar@su.rcast.u-tokyo.ac.jp sample was cleaned with acetone and ethanol only.
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B. Bonding procedure T T T

(a) i Si
The SAB machine used for this research consists of six s 8

Intensity [ au ]

UHV chambers: two preparation, a processing, a transporta- . ]
tion, an analysis and a bonding chamber. Detailed informa-

tion regarding the SAB apparatus can be seen elsewhere.

The chemically cleaned samples were loaded to the load lock s mmmm”mm“ ]
chamber of the SAB machine, and we waited until the

vacuum pressure of the chamber lowered-th0 © Pa. The }A "

samples were then transferred to the processing chamber and - M&-
cleaned separately by sputtering either with a 0.6 or a 1.5 N

keV Ar-FAB ion dose rate of 2.3810i/cn?s in the pro-

cessing chamber for 15-600 s. The beam current used for A,._J 7
sputtering in both energies was 15 mA. All of these activities Before sputtering O o
are done in an UHV pressure. The active surface can be dirty J W ve— J ]
with elapsing time even at an UHV of 10Pa, so the sput- ' ' :

tered samples were transferred to the bonding chamber as

quickly as possible, then brought into contact, and finally the

bonding was performed with a load of 40 kgf at RT. The total

time required for both samples from sputtering to the bond-
ing including transportation was about 23 min. ®)
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[ll. RESULTS AND DISCUSSION

A. Surface characterization

Elemental distribution of sample surfaces was character-
ized by Perkin-Elmer x-ray photoelectron spectroscopy
(XP9) using a monochromatic Mga x-ray radiation source
at 15 kV and 400 kW. Figure(d) shows the XPS spectra of
p-Si before(lower curve and after(upper curve sputtering. :
Figure 1b) shows the XPS spectra of GaAs beforglower
curve and after(upper curve sputtering. The energy of Ar-
FAB used for sputtering for both samples was 1.5 keV. The
sputtering time fop-Si was 60 and 180 s, while the sputter- o 200 00 o 200
ing for n-GaAs was 180 s. The spectra of sputtering samples
were taken subsequently to sputtering. Strong peaks for car-
bon an_d oxygen are observed on both sample_ surfaces befoffn%. 1. XPS spectra ofa) p-Si and(b) n-GaAs surfaces before and after
sputtering. The peaks for carbon and oxygen in both sampléguttering with a 1.5 keV Ar-FAB dose rate of 2:3880“i/cn?s in an
disappeared after sputtering, indicating active surfaces.  UHV at RT. The sputtering time for Si was 60 and 180 s and for GaAs was

Surface smoothness is an important parameter of the SABS0 s.
process that can strongly affect the bonding performance,
especially in the case of bonding without load. An additionalB Bondi " th
parameter is the surface flatness that absorbs the mechanical onding streng
stress by distributing all over the area during the SAB pro- The optoelectronic devices fabricated through any bond-
cess if the samples are very thin. Measurements of surfadag process must have a certain level of bonding strength at
roughness were carried out by an atomic force microscopthe interface in order to withstand mechanical shocks. We
(AFM) from Seiko Instruments. Figure 2 shows the timehave performed tensile tests for all sets of samples sputtered
dependence of sputtering on the surface roughness of Si affior various times in order to evaluate the bonding strength.
GaAs with a 0.6 Ar-FAB. The root mean squdrens) value  The tensile strength is expressed bys=F /A, where
of the surface roughness of both Si and GaAs before expo$=,.xis the maximum tensile load adthe bonded area. The
ing Ar-FAB was 0.2 nm. On the other hand, the surfacebonded areas are measured by the use of an optical micro-
roughness of GaAs was increased to 0.6 nm after sputteringcope after a fracture test. Figure 3 shows a typical picture of
for 600 s, while the rms value remained constant for Si. Inthe broken joints op-Si andn-GaAs by a tensile test. Fig-
both samples a variation of 2% to 3% in the rms values wasires 3a) and 3b) show the broken sides of Si and GaAs,
observed. In the case of 1.5 keV, higher rms values are exespectively. Most of the samples were broken from the bulk
pected. However, the AFM studies reveal that the surface dbut not from the bonded interface. No significant variation in
the GaAs sample sputtered with an Ar-FAB source getghe bonding strength sputtered for various times was found.
rougher. The estimated average bonding strength of Si/GaAs was 0.6

After 180 s sputtering B

Intensity [ au ]

Before sputtering

Binding Energy [ eV ]
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Fic. 2. Time dependence of the sputtering on the surface roughngs$of
andn-GaAs with a 0.6 Ar-FAB. Measurements were carried out by an AFM
at RT and the rms values were plotted.

MPa. This fact indicates that there is no correlation between
the bonding strength and the surfaces roughness of Si/GaAs,
which is inconsistent to that of Al/AD;.° Anyway, the
bonding strength of Si/GaAs is enough for handling the op-

toelectronic applications.
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Fic. 4. (a) 1-V characteristics ofp-Si and n-GaAs before the bonding
experiment(b) Comparison of the theoretical and experimemtal/ char-
acteristics of the- Si/n-GaAs junction bonded by SAB at RT. Experimental
results include the data for the interface current of Si/GaAs samples sput-
tered with a 1.5 keV Ar-FAB for 3@Si) and 60(GaAs s, and 18Q0Si) and

60 (GaAs s.

C. Comparison of theoretical and experimental -V
characteristics

The electrodes for electrical measurements were made be-
fore the bonding experiments in order to protect the bonded
interface from the heating effect that is usually required for
ohmic contact. A top and a bottom Au electrode of 3 mm
diameter each was deposited on theSi sample. On the
other hand, similar sizes of electrodes were made using
Au/Ge on then-GaAs sample and annealed at 673 K for 60
s. The heating rate was 150 K/min. Ohmic behavior was
achieved in both samples before the bonding experiment
[Fig. 4@]. Thel =V characteristics were measured by a Tek-
tronix programmable curve trac€370A). Generally, thepn
junction of an ideal diode can be expressed by

_ VInkT 8 ; : :
Fic. 3. Bulk fracture image of th@-Si/n-GaAs interface bonded by the =1,(e9""™"'—=1),° wheren is the ideality factor that deter-

SAB method at RT.
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Fic. 5. Time and energy dependence of the Ar-FAB on the interface current

of p_-S| andn-GaAs bonded by SAB at RT. In the case of 0.6 keV Ar-FAB, Fic. 6. Time dependent exposure effect to an UHV atmosphere of the acti-
p-Si andn-GaAs samples were sputtered for IiGID)_and 60(GaAs s, and vated surfaces by the sputtering of an Ar-FAB on the interface current of
300(Si) and 120(GaAs s. For 1.5 keV Ar-FAB p-Si angn-GaAs samples p-Silp-Si. The samples were held for 0, 78006 h, 14 100(3.9 h, and
were sputtered fo_r 18(5) and 18_>O(GaAs)4_s, and 300S) and 300(GaAs 93600(26 h) s at 2x1077 Pa after sputtering for 180 s with a 1.5 keV

s. The dose rate in both cases is 23®*i/cn?s. Ar-FAB source dose rate of 2.381011/cie s,

of n varies between 1 and 2, depending on the material angnergy on the interface current, which indicates that higher

temperatures. Other SymbO|S in the equation have their Usuahergy produces more damages than those of lower energy.

meanings. Generally, the defects increase with increasing beam energy
The experimental and the theoretidalV characteristics and jrradiation time® So the accumulation of sputtering in-

of the pn junction must be compared to evaluate the qualityguced defects results in an amorphous Iayeacross the

of the bonded interface. The theoretical calculation is basegonded interface and it may control the interface current as-

on the assumption thdi,=2x10"°A. Figure 4b) shows  gociated with the sample impurities. In addition, a leaky be-

the comparison of the theoretical and the experimeitd!  havior of the interface current is apparent at the reverse bias

results for Si/GaAs, which indicates that the experimeptal  condition, which is most likely to be due to the carrier gen-

junction behavior is far from the ideal diode. One can seeration in the transition region. Recently we have found an

that the experimental results for Si/GaAs SputterEd for differ'identica| Sputtering time as well as energy effects on inter-

ent times fit closely to the theoretical curves with theal-  face current of Si/InP irradiated under 0.6 and 1.5 keV for

ues varying from 3 to 3.5. The nonideality behavior of the3g_g00 it

Si/GaAspn junction can be attributed to the electron tunnel-

ing between the conduction band and valence band acrogs ggect of exposure to an UHV atmosphere on the

the transition region through the band gap states. interface current
) ) Although the vacuum pressure in all chambers of the SAB
cl?ﬁ Itr;]leau'?qrtlgﬁa?:fetlg]errggg energy of sputtering source machine is better than>210~7 Pa, there are still residual gas
! u molecules/atoms such as, HH,O, CH,, N,, C, etc. in an

The influence of sputtering time and energy of Ar-FAB on UHV atmosphere of the chambeYsAs previously men-
the interface current gb-Si andn-GaAs is shown in Fig. 5. tioned, higher elapsing time for transferring samples from
Thel -V curves include the results of the interface current ofprocessing to bonding stages, hinders bonding of the
the samples sputtered with 0.6 and 1.5 keV Ar-FAB for vari-samples. So the time dependence of the residual particle’s
ous times. In the case of 0.6 keV Ar-FAB, tpeSi and the  effect on the bonding quality requires investigation. Figure 6
n-GaAs sample surfaces were sputtered for @D and 60 shows a typical example of the time dependent residual gas
(GaAs s and 300(Si) and 120(GaAs s. For 1.5 keV Ar-  behavior of the interface current @-Si/p-Si. The reason
FAB, the p-Si and then-GaAs samples were sputtered for for using p-Si/p-Si samples instead gf-Si/n-GaAs pairs
180 (Si) and 180(GaAs s, and 300(Si) and 300(GaAs s.  for these experiments was due to the lesser time and easier
One can easily notice from Fig. 5 that the interface currenprocess for fabricating ohmic electrodes prSi than on
decreases with increasing sputtering time. Although the sputa-GaAs. The experiment consists of sputtering the samples
tering time of the sample surfaces treated with 0.6 keV idor 180 s, holding the samples in the bonding chamber for
higher than that of the first set of sample surfaces treatedarious times after sputtering, and finally performing the
with energy 1.5 keV, more current flows in the former bonding experiment. Electrical measurements of the inter-
bonded interface both in the forward and reverse bias condiace current were done in the same way as mentioned in the
tion. These results also show a substantial effect of Ar-FABprevious section. The samples were held for 0, 706 h),

JVST B - Microelectronics and  Nanometer Structures
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14100(3.9 h, and 93 60026 h) s. Alternately, the exposure cates that the accumulation of radiation induced defects as-
amount was 0, 12, 21, and 65(Where L is the abbreviation sociated with the doping controls the interface current of
for Langmuir, which represents a value of 13380 *Pa 3. p-Si/n-GaAs. Strong influence of the exposure to an UHV
As can be seen in Fig. 6 the interface current decreases wititmosphere of the activated surfaces on the interface current
increasing the exposure time in an UHV atmosphere in thef p-Si/p-Si is found to be due to the deposition of residual
bonding chamber. The results indicate that even though thatoms on the surfaces, which produces impurity states and
samples elapsed for 26 (65 L) are bonded, the interface traps electrons, thereby controlling the interface current. Fi-
resistivity is very high, which is very bad for any device nally it can be suggested that the laser diode can be fabri-
application. The reason for increasing the resistivity of thecated by the bonding betweg@aSi andn-GaAs through the
Si/GaAs interface with increasing the exposure time seemSAB method because of the achievement of equivalent bulk
to be identical to the reason for decreasing the bondingtrength of the interface.

strength of Al/Si and Si/Si@with increasing the exposure

time in an UHV atmospheréTherefore the increased resis- ACKNOWLEDGMENTS
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