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Reliability studies of wafer-bonded InCaAs 
P-I-N photodetectors on CaAs substrates 

F. E. Ejeckam, C. L. Chua, 2.-H. 
Lo, M. How* J. P. MaMaerts,* R Bhat,** 
School of Electrical Engineering, Cornell 
University, Ithaca, New York 14853 
We present the first reliability 
InGaAs P-I-N photodiodes wafer-bonded 
to GaAs substrates. The P-I-N photodi- 
odes used for our reliability studies have 
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high responsivity of 1 A/W at i.55-pm 
wavelength. The detailed characteristics 
of the P-I-N detectors wafer-bonded to 
both GaAs and Si have been published 
elsewhere.' The focus of this paper will 
be on the degradation of the devices un- 
der high temperature operation (60°C) 
and thermal cycling (23 to 95°C). 

The capability of integrating two lat- 
tice-mismatched material systems is im- 
portant for optoelectronic integration and 
innovative photonic device fabrication. 
The wafer-bonding processu has been 
very successful in many device demon- 
strations. In making the wafer-bonding 
process a viable technology for commer- 
cial device manufacturing, reliability be- 
comes a pressing issue. Because the dark 
current of a P-I-N photodetector is 
known to be most sensitive to material 
and process-induced defects, we moni- 
tored and report the change in dark cur- 
rents (due to high-temperature operation 
and thermal cycling) as the indicator for 
device degradation. 

Figure 1 shows a schematic and SEM 
photograph of the InGaAs detectors 
bonded to a GaAs substrate. The devices 
had an etched mesa structure and an AR- 
coated photosensitive area of about 6400 
bm.2 The circular top metal contact is 
shown in the pictures and the bottom 
contact is on the 'back of the GaAs sub- 
strate. Thus, the photocurrent has to pass 
the InP/GaAs bonding interface. The re- 
sistance at the bonding interface was 
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CFC7 Fig. 1 Schematic and SEM 
photograph of an array of wafer-bonded 
InGaAs P-I-N detectors. 

CFC7 Fig. 2 Normalized dark 
currents measured under constant 4.5 V 
reverse bias at 60°C. 
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CFC7 Fig. 3 Nonnalizeddark 
currents measured under constant 4.5 V 
reverse biasing and thermal cycling. 

found to be lower than 17 from the for- 
ward bias I-V measurement of the pho- 
todiode. 

In the device aging test, an array of 
photodetectors were reverse-biased at 4.5 
V continuously for over 1900 h at 60°C. 
All the devices had an initial dark curent 
of less than 5 nA, and all except a few 
devices had their dark current around or 
lower than 1 nA. Figure 2 shows the re- 
sults of the aging test. 'hventy of the 25 
devices that were measured showed no 
measurable increase in their dark current. 
In a separate experiment, an array of 
photodiodes reverse-biased at 4.5 V were 
subject to temperature cycles from 23°C 
to 95°C to 23°C for over 1300 times. Each 
thermal cycle took about 30 min and was 
done with a power controlled IR lamp. 
Figure 3 shows the change of the device 
dark currents after thermal cycles. Five of 
the 7 devices measured retained their 
original dark currents. In both experi- 
ments, then almost all of the devices 
showed no degradation, indicating that 
the wafer bonding process does not seem 
to affect the device reliability. We sus- 
pected that the failures for these few de- 
vices were due to electro statics and 
packaging, extrinsic instead of intrinsic 
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Epitaxial lift-off for wafer-scale GaAs-on-Si 
semi-monolithic integration 
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The use of GaAs components (e.g. LEDs 
and photodiodes) onto Si circuitry has 
unveiled new opportunities in optoelec- 
tronic systems packaging. Current tech- 
niques, like flip-chip bonding' and thin 
film grafting,- have demonstrated GaAs 
photonic devices integrated onto Si VLSI. 
The epitaxial lift-off (ELO) technique is 
quite promising, but needs to be im- 
proved for wafer-scale integration. 
Herein we report a potential manufactur- 
able EL0  process that allows wafer-scale 
GaAs-on-Si integration. An epi-layer 
from 2" GaAs wafer, containing LEDs 
and photodiodes, are lifted-off and 
bonded onto a 5" processed Si wafer con- 
taining functional circuits. The integrated 
module can be used for optical intercon- 
nect technology. 

The desired lift-off pattem is first de- 
fined on a GaAs wafer with 10-pm-thick 
photoresist. After hard baking, photore- 
sist can be made more than 10-pm thick, 
which allows etching channels to permit 
dilute hydrofluoric OiF) add to penetrate 
under the GaAs epi-layer and uniformly 
lift-off all the devices. Actually, before the 
HP etching step, the GaAs wafer is 
bonded to a sapphire disk for mechanical 
support during lift-off and transfer. Fig- 
ure 1 shows an array of LEDs epitaxially 
lifted-off and attached onto a sapphire 
carrier. Illustrated in Fig. 2 is an SEM 
photograph that displays the topography 
of LED thin films attached to a sapphire 
disk after ELO. After the ELO process, 
GaAs epi-layer thin films, which are now 
carried on a sapphire disk, are trans- 
ferred and bonded onto Si wafers. The 

CFC8 Fig. 1 An array of LEDs are 
epitaxially lifted-off and attached onto a 
transparent sapphire carrier. 
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CFCB Fig. 2 SEM photograph of EL0 
LEDs thin films on sapphire disk. 
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use of a transparent sapphire carrier al- 
lows predse alignment of GaAs devices 
onto Si wafers. The details of this inte- 
gration process, the thin-film bonding 
technique, the alignment accuracy, and 
the performance of LEDs and photodi- 
odes on Si for optical interconnects are 
presented. 

In conclusion, we have developed a 
manufacturable epitaxial lift-off process 
to integrate a 2" GaAs epi-layer contain- 
ing active photonic devices onto a much 
larger 5" processed Si VLSI wafer. The 
availability of this EL0 hetero-integration 
process will be extremely valuable in 
high-performance and reliable optoelec- 
tronic integrated systems. 
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Cladding-pumped passively mode-locked 
femtosecond fiber lasers 
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Many currently pursued applications of 
femtosecond erbium fiber lasers would 
greatly benefit from the availability of 
higher pulse energies and higher pulse 
repetition rates than presently available 
from compact oscillator designs. How- 
ever, though erbium oscillator designs 
have been developed that allow the gen- 
eration of femtosecond pulses with en- 
ergies in excess of 1 nJ and passive har- 
monic mode-locking has allowed the 
extension of achievable repetition rates 
into the GHz regime, the distribution of 
such lasers has been limited because they 

relied on the use of expensive high- 
power pump lasers such as MOPAs' or 
Tisapphire lasers? 

Here we demonstrate for the first time 
that high-power and high-repetition-rate 
femtosecond fiber lasers can be con- 
structed that require only simple broad- 
area diode-array pump lasers. To allow 
pumping with diode arrays, the standard 
single-mode erbium fiber of conventional 
oscillator designs is replaced with dou- 
ble-clad erbium/ ytterbium fiier. Reliable 
femtosecond pulse operation is ensured 
by exploiting nonlinear polarization ev- 
olution for steady-state pulse shaping in 
an environmentally stable cavity? Fur- 
thermore the use of chirped Bragg grat- 
ings' allows the extension of the opera- 
tion range of these types of laser into the 
picosecond regime. 

The experimental setup for a clad- 
ding-pumped passively mode-locked fi- 
ber oscillator is shown in Fig. 1. As the 
gain medium we used a single 2-4 m 
length of E?'/Yb3' doped fiber to allow 
pumping of E?' via energy transfer from 
Yb3'. Additional lengths of standard tele- 
com or dispersion-compensating (non- 
soliton supporting) fiber could also be 
spliced into the cavity, giving fundamen- 
tal cavity repetition rates between 8 and 
30 M H Z .  

The active fiier was pumped through 
a dichroic mirror with a standard 1 W, 
100 X 1 p,m broad-area diode array op- 
erating at 976 nm. Even with an active 
fiber length as short as 2.0 m a cw output 
power up to 40 mW could be achieved. 

For pulse start up and to enable soli- 
ton repulsion in the cavity, we employed 
semiconductor saturable absorbers with 
a range of different life-times. A mini- 
mum pulse width of around 170 fsec 
(bandwidth-limited) was generated, lim- 
ited by the relatively narrow bandwidth 
of the Er/Yb fiber. A typical autocorre- 
lation and the corresponding pulse spec- 
trum of a 200 fsec pulse are shown in Fig. 
2. At a fundamental repetition rate of 30 
Mhz a mode-locked output power up to 
3 mW was obtainable, whereas passive 
harmonic mode-locking at 200 M H Z  pro- 
duced an output power of -10 mW. The 
number of pulses (for a fundamental 
repetition rate of 8.33 MHz)  in the cavity 
measured when ramping the pump-cur- 
rent up and down is shown in Fig. 3. In 
this a pump current of 1400 mA corre- 
sponds to a launched pump power of 
-500 mW. A sigruficant amount of hys- 

teresis is observed between up and 
down-ramping of the pump power. In 
down-ramping the number of pulses 
drops reliably one by one. This indicates 
a well-defined stability range for each 
repetition rate in the laser. 

Due to the small residual pulse jitter 
in passive harmonically mode-locked la- 
sers, sidebands in the RF-spectrum show 
up at the fundamental cavity frequency. 
We were able to obtain a sideband sup- 
pression of > = 70 dB, with an estimated 
corresponding pulse jitter of less than 10 
psec. 

Finally, we were also able to operate 
the lasers in the psec regime by adding a 
chirped fiber Bragg grating to the cavity. 
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CFDl Fig. 2 mica l  autocorrelation 
and pulse spectrum of a generated 200 
fsec pulse. 

- - CFDl Fig. 3 Number of pulses in - 
and down-ramping of the pump 

CFDl Fig. 1 Setup of a harmonically cavity for a fundamental repetition rate 
mode-locked cladding-pumped 

P = polarizer. current. 

of 8.33 MHz as a function of slow up- =- 
R fiber laser. FR = Faraday rotator, 


