Vol. 23, No. |
Jan.., 2002

523 %5 1) SIS S N 1

2002 4F 1 H CHINESE JOURNAL OF SEMICONDUCTORS

Near-Infrared Sio.7Geo.3/Si p-i-n Photodetector
Fabricated on SOI in CMOS Technology
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Abstract: A novel lateral Sio.7Geo.3/Si p-i—n photodetector which is suitable for high-speed operation with low —~volt—
age and at 0. 7~ 1. lum wavelengths is demonstrated. T he fabrication of the device is carried out on a SOI substrate
by using a UHV/CVD SiGe/Si heteroepitaxy technology and a CMOS/SOI process. Biased at 3. 0V, the photodetec—
tor attained a responsivity of 0. 38A/W at its peak response wavelength 0.93um and exhibited extremely low dark
current of less than InA, small parasitic capacitance of less than 1. 0pF, and short risetime of 2. 5ns. T he distinet
characteristics and process compatibility make it applicable to integrate the photodetector with other silicon-based

devices to meet the needs of high-speed near-infrared signal detections.
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1 Introduction

With the ever-increasing and widespread uses
of optoelectronic technologies, photodetectors with
low cost and good performance are needed to sup-
port the detection of near-infrared signal in many
applications. For this reason, large efforts have
been devoted to investigate Sii- «Ge./Si photodetec—
tors because of its expected major roles in Si-based
optoelectronics and potential of monolithic integra—
tion in VLSI, based on the developments of Sii- .=
Ge./Si heteroepitaxy technology and the well-ma-
tured CM OS technology. Experimental results have
been reported by many research groups in the past

few years. Sii- «Ge./Si alloys, Sii- « Ge:/Si multiple
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quantum wells (MQW~s) and Sii- «Ge./Si strained
layer superlattices (SLS) have been used as photo-
absorption layers in metal-semiconductor-metal
(MSM) or vertical p-i-n photodetectors. T heir op-
erations at wavelengths from 0. 6um to 1.3um or
more successfully demonstrated in normal ( or
back )-ncidence or waveguide configurations
though some critical drawbacks such as low re-
sponsivity, improper dark current and incompati-
bility with VLSI remained” ". Wan et al'” report-
ed a Sii-+Ge:/Si SLS waveguide p<— photodetec—
tor from which a responsivity of 0.153A/W at
wavelength 1. 3um and a dark current 400nA at a
bias of 5V had obtained. Li et al'** demonstrated a
normal-incidence Sio.7Geo.3/Si MQW photodetector
and a back-incidence Sio.ssGeo.35/Si MQW resonant

cavity enhanced (RCE) photodetector respective—
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ly. The former exhibited a quantum efficiency 20%
at 0.95um and 0. 1% at 1.3um. The latter showed
a responsivity of 31mA /W at 1. 30um. On the other
hand, big improvements in the speed of response
and reponsivity of Si photodetectors have been
achieved by the use of silicon-on-insulator (SOI)
substrates. Because photogenerated carriers be-
neath the buried oxide are eliminated inherently
from the active absorption layer, high speed opera-
tion of photodetector can be obtained. Further—
more, with the passivating oxide being the top re-
flector and the buried oxide being the bottom re—
flector, RCE photodetector can be realized so that
Tskeshi

Yoshida et al' has reported a high performance

responsivity is enhanced effectively.
lateral p-i-n photo-detector fabricated on a separa-
tion by implanted oxygen (SIMOX) substrate in a
fully-depleted CMOS/SIMOX process. Biased at
2V, the photodetector exhibited 1GHz operation
speed and a responsivity of 0.4A/W at 0. 85um.
However, lateral p4-n photodetectors fabricated on
SOI substrate by simultaneously using SiGe/Si
heteroepitaxy technology and CMOS/SOI process
have not demonstrated yet.

In this paper, we propose a novel lateral Sio.7—
Geo.3/Si p-i-n photodetector fabricated on SOI sub-
strate by using cold-wall ultrahigh vacuum chemi-
cal vapor deposition (UHV/CVD) SiGe/Si tech—
nology and CMOS/SOI process flow. Fabrication
and characteristics of the device are deseribed and
investigated. T he fabricated photodetector shows a
high responsivity of 0. 38A/W at its peak response
wavelength 0.93pm which matches well with the
peak wavelength of GaAs infrared emitting diodes
(0.94um) . At a bias of 3.0V or more, the photode-
tector exhibits low dark current, small parasitic ca—
pacitance and short risetime. To our knowledge,
this is the first demonstration of this kind of pho-

todetector.

2 Design and fabrication

The schematic top view and cross section pro—

file of the lateral p-4—n photodetector are shown in
Fig. 1. The photodetector consists of a set of inter—
digitated p-i-n structures fabricated on a SOI sub-
strate. The width of the n* or p* region which is
used as a lead to positive or negative of the electri-
cal source is 4. Opm, and the width of i region be-
tween the adjacent n” and p” regions is 10um. The
n" and p" regions which are formed at the same
time of source and drain implantations of the P and
N-channel MOS transistors penetrate the photo-
absorption layer and reach the buried oxide layer.
The dose and energy are 5X 10"em™* and 60keV
for B ions implantation, and 5 X 10" em™” and
100keV for P ions implantation. When biased (n”
regions to the positive and p* regions to the nega-
tive) , the electric field distributes uniformly in the
photo-absorption laver between the n” and p” re-

gions.

100um

Fig. 1 Top view (a) and cross section profile

(b) of the p-i-n photodetector

The substrate we used was a p-type bonding
SOI (100) wafer with a nominal resistivity of 16~
22Q * em. The thicknesses of the top silicon layer

and the buried oxide were 0. 19um and 0.4um re-
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spectively. Prior to the CMOS/SOI process, the
wafer was given the undoping layer sequence epi-
taxial growth by cold-wall UHV/CVD at 5507C:
50nm Sii- «+Ger buffer layer (in which Ge mole frac-
tion x increases from O (top silicon side) to 0.3
( strained Sio.7 Geo.s layer side) ), 20nm strained
Sio.7 Geo.s layer and 20nm intrinsic Si cap layer.
Then, the wafer was processed with lpm-gate
CM OS/SOI process flow. When source and drain
implantations were completed, a passivating oxide
with thickness of about 0.6um was deposited by
LPCVD. To activate the implanted ions in the rapid
thermal annealing (RTA) treatment, the tempera-
ture at 850°C and the time for 30min were chosen
in order to prevent and to diminish the interdiffu-
sion between the SiGe layer and Si layers and the
relaxation of the strained SiGe laver'”™'". To get
the most possiblly illuminated areas, the electrical
contacts are defined only in the areas on the top of
the device as illustrated in Fig. 1(a), and the pho-
todetecter has a active area of 93% of the total area
for 120um X 100um per unit when illuminated by
normal incident light from the top (shown in Fig. 1
(b)). Al was evaporated and patterned over con-
tacts to provide pad connections. After Al metal-
lization, the chip was wired and sealed with a glass
lenses cover. From the process outlined above,
VLSI compatibility is obviously a feature of the

photodetector.

3 Results and discussion

The dark current of the photodetector was ex—
amined with JS2D transistor reverse cut-off leak-
age current meter. A dark current of less than InA
was observed in the biasing voltage range of 0~
10. 0V at room temperature. T his implies the pho-
to-absorption layer is in good quality. The device
can detect weak light signals.

Figure 2 shows the spectral response curve of
the p-4-n photodetector biased at 3.0V which is
normalized to the response at 0.93um. The spec-

trum is supplied by VSU2-P ultra violet photome-

ter. It is apparent that the photodetector exhibits
its maximum response at wavelength 0.93um and
its cut-off wavelength at 1. 3um. As compared with
the corresponding values of 0.85ym and 1. 1uym of
Si photodetectors, an apparent extending in the
spectral response curve towards longer wave-
lengths is gained by the incorporation of SiGe epi-
taxial layer. The bandgap of the Sii-:Ger strained
layer grown on the top Si at room temperature can

. RN
be expressed by the relationship

Efx) = 1.12—= 0.96x + 0.43x° - 0.17x" eV

(1
As Ge mole fraction x varies from O to 0.3, the
Sii- +Gex/Si heterostructure has a net bandgap dif-
ference of about 250meV which results in extend-
ing the normal Si absorption cut-off wavelength of
l.1gm to 1.3~ 1.4pm. When illuminated by the
spectrum, current contributed by photogenerated
carriers in the SiGe epitaxial layer adds to the cur-
rent resulted from photogenerated carriers in the
top silicon layer, and the extending of the whole
photoresponse curve along with the response peak
is obtained. A s the strained SiGe layer occupies on—
ly small portion of the whole active photo-absorp-
tion layer, the moderately low responsivity was ob-
served at wavelengths from 1. luym to 1. 3ym. More
efficient responsivity is believed to be gained by

properly increasing the thickness of the SiGe layer.

|
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Fig.2 Spectral response

Figure 3 graphs the photocurrent versus inci-
dent optical power at wavelength 0.93um at a bias
voltage of 3. OV. Though the photodetector with an

area of 120pum X 100p¢m has thin photo-absorption
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layer about 0.28um and is biased at low voltage, a
responsivity of 0. 38A /W is attained. Three mecha—
nisms may contribute to it. First, when a bias volt-
age of 3.0V was applied, the undoped epitaxial
SiGe layer and the top Si layer between the n* and

p’ regions were completely depleted and partially
m -

Optical power/ MW

Fig.3 Photocurrent vs optical power at 930nm

depleted respectively. Carriers photogenerated in
the depleted regions are subjected to a high electric
field and are collected as photocurrent. At the same
time, holes photogenerated in the neutral n* re-
gions within a diffusion length near the n” /i inter—
face, as well as electrons photogenerated in the
neutral p° regions within a diffusion length near
the p” /i interface, and carriers photogenerated in
the undepleted top Si layer, may diffuse into the
depleted regions and contribute to photocurrent.
Secondly, the stack composed by the LPCVD ox-
ide, the photo-absorption layer, and the buried ox-
ide layer forms resonant cavity. Normal incident
light is reflected between the buried-Si02/Si inter—
face and the top Si02/Si interface, and the respon—
sivity is enhanced accordingly. Thirdly, according
to the experimental results from References| 12,
13], the net bandgap difference of about 250meV is
divided approximately 80% ~ 20% between the va-
lence band and conduction band discontinuities and
will produce a potential well for the holes. Holes
photogenerated in the n” and p” regions can easily
fall into it. This is helpful to decrease the recombi-
nation of photogenerated carriers and to increase

the photocurrent. Unfortunately, the function of

this mechanism has not been identified quantita—
tively yet and a further investigation is necessary.
To verify the frequency characteristics of the
device, C¥ characteristics is measured and illus—
trated in Fig. 4. A parasitic capacitance for less
than 1.0pF (including the parasitic capacitance
caused by the pads) is obtained at a reverse bias of
a 3.0V. As reverse voltage increases, the capaci-
tance is almost the same, which indicates that the
photo-absorption layer is completely depleted. T he
speed of photoresponse is evaluated by shining
0.8um light pulses from a Ti: Sapphire mode-
locked ( 100ps at a 100MHz cycle) and recording
the photocurrent transient with a Tektronix TDS
380 Oscilloscope. In the test,a 3. 0V bias is applied

to the device via a 1kQ resistor. The measured rise—

time is about 2. Sns.
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Fig. 4 C-V Characteristics

4 Conclusion

Lateral Sio.7Geo.3/Si p4n high-speed photode—
tectors have been fabricated on SOI by simultane-
ously using a SiGe/Si heteroepitaxy technology and
a CMOS/SOI process. The fabricated devices ex-
hibit some distinct characteristics as compared with
other kinds of photodetectors, and can be integrat-
ed with other Si-based photoelectronic devices such
as SiGe MOSFET in VLSI technology. Further-
more, by increasing the thickness and the Ge mole
fraction of the epitaxial SiGe layer properly, The
photodetectors would be enhanced considerably in
its characteristics and be good candidates for high

speed near-infrared signal detection.



20 t 8 k% M 23 %
grated SiGe-Si PIN-HBT front-end photo-receivers. IEEE
References
Photonies Technology Letters, 1998, 10( 3) : 415
[ 1] Woodward T K. Krishnamoorthy A V. 1-Gb/s integrated op- [ 7] Colace L. Masini G, Assanto G. Ge-on=5i approaches to the
tical detectors and receivers in commercial CMOS technolo- detection of near-infrared light. IEEE Journal of Quantum
gies. Journal of Selected Topics in Quantum Electronies, Electronics, 1999, 35( 12) : 1843
1999, 5(2): 146 [ 8] Yoshida T, Ohtomo Y, Masakazu S, et al. A novel p5-n pho-
[2] LiCheng. Yang Qinging. Wang Hongjie. et al. Normal-inci- todetector fabricated on SIMOX for 1GHz 2V CMOS OEICs.
dent Sio7 Gen. 3/Si mu]lipl(-. quantum wells phntu(lﬁt(-.('tnrs, IEDM . 1998: 29
Chinese Journal of Semiconductors, 2000, 21(5) : 480[ %+ ik, [ 91 Yu Zhou, Li Daizong, Cheng Buwen at al. Annealing behavior
R IRET AU A M AR § H 1 - “ “. . " .
WG, ELLA, . T FLAE Sio.1Geo.s/Si & B BEG AR of Sii- +Ges/Si heterostructures. Chinese Journal of Semicon—
Wk G HRFIL 2000, 21(5) - 480] ductors, 2000, 21( 10) : 962[ T 1, Z 8252, B2 3L, 4. Si- .-
[ 3] Wan Jianjun, Li Guozheng, Li Na, et al. Design a fabrication Gea/Si 5 I 25 ¥ 1038 X% k. 2P S 4452 3, 2000, 21( 10) :
of GeSi/Si strained layer superlattice waveguide PIN pho- 962]
todetectors at A= 1. 3um. Chinese Journal of Semiconductors, [10] Schreiber H C. Bosch B G. Si/SiGe heterojunction bipolar
1998, 19(8) : S97[ JT L%, FIHIE, U, %¥. GecSir- +/Si N4 transistors with current gain 5000, IEDM, 1989: 643
R PIN R E 25 (00 = SR 251, 1998, 19( 8):597] [ 11]  Bean ] C. Silicon-based semiconductor heterostructures: col—
[ 4] LiCheng. Yang Qinging. Wang Hongjie, et al. Back=ncident umn IV bandgap engineering. Proceedings of the TEEE, 1992,
SiGe-Si multiple quantum-well resonant-cavity-enhanced 80(4): 571
photodetectors for 1. 3um Operation. IEEE Photonics Tech- [12] People R, Bean J C, Lang D V. et al. Modulation doping in
nology Journal, 2000, 12(10): 1373 GesSii- «/Si strained layer heterostructures. Appl Phys Lett,
[ 5] LiNa, Gao Yong. Li Guozheng, et al. Monolithic photo-elec— 1984, 45: 1231
tronic integration of GeSi modulator and photodetector. Chi- [13] People R, BeanJ C. Lang D V. Modulation doping in
nese Semiconductor Optoelectronics, 1997, 18(3) - 175] TR, GesSii- «/Si strained layer heterostructures: effects of alloy
AP EASEN L i e G
w05, AR IELE, . GeSi T 8% 50RO n k. T layer thickness. doping setback, and cladding layer dopant
A, 1997, 18(3): 175] configuration. ] Vac Sci Technol, 1985, A3: 846
| 6] Rieh J. -5, Klotzkin D, Oasaimeh O, et al. Monolithically inte—

CMOS #FAiIR

415 Sio. 7Geo.3/Si p-i-n( SOI) Yt EBIRMZE

oM FRYERR H=O6 R ORD O BRERS MR Rl
(1 K HUF TR BE, Rt 300072)
(2 B REROL FIFFEAT, dbst 100084)

FE: W T -FeRM URV/CVD 8 LR CM 0S8 L ZHFEAE SO 4 IS L E MBS 1) X I5R Sio1Geo s/Si p-i-
n A A WA ) IE AR B KR 0.7~ 1L Lpem, £EWRAT 6 3% K 0. 93pm, W 0. 38A /W . £E

3.0V IR, B RN T Ina, AT
SR, g BT EAT LA T
i 55 PRI 25 RS T eh AT s i L.

1. OpF,

XEIE: SOL SiGe: p-i-n JEHLERIZE: S
PACC: 0762; 4282: 7340

FEHSES: TN21S THRIRIAAS: A

*[E 5 PR A A W B30 H (#tEE S 69836020)

L
SheERE 9,
e 5.

O, MR R,
4%, BN SO1/GeSi/BICM OS FIRTD MWFSE 148,

FE, MR TERE PD MWF SO R LA,

2001-06-20 3, 2001-09-30 5 i

EFIE] 2y 2. 5ns. HeRAFAOEEFIE L S cM oS T
ST LT AR IR AR AR R 1 0 A e il B PR B 0 T — e 1) 2k, 7 vl

XEHS: 0253-4177(2002) 01-0016-05

B2 SiGe Jo AR 4% 2 L r B I I WF 9T AR

©2002 i [H oL





