APPLIED PHYSICS LETTERS VOLUME 72, NUMBER 15 13 APRIL 1998

1.3 pm photoresponsivity in Si-based Ge ;_,C, photodiodes

Xiaoping Shao, S. L. Rommel, B. A. Orner, H. Feng, M. W. Dashiell, R. T. Troeger,

J. Kolodzey, and Paul R. Berger®
Department of Electrical and Computer Engineering, University of Delaware,
Newark, Delaware 19716-3130

Thomas Laursen
Center for Solid State Science, Arizona State University, Tempe, Arizona 85287-1704

(Received 2 December 1997; accepted for publication 12 February 1998

Ge,_,C,/Si heterostructure photodiodes with nominal carbon percentagex€®.02), which

exceed the solubility limit, were grown by solid source molecular beam epitaxytgpe (100 Si
substrates. The-Ge,_,C,/n-Si photodiodes were fabricated and tested. Ph&e, _,C,/n-Si

junction exhibits diode rectification with a reverse saturation current of about 1@ngAat —1 V

and high reverse breakdown voltage, up-t80 V. A significant reduction in diode reverse leakage
current was observed by adding C to Ge, but these effects saturated with more C. Photoresponsivity
was observed from these Si-baspdGe, _,C,/n-Si photodiodes at a wavelength &f1.3 um,
compatible with fiber optic wavelengths. External quantum efficiency of these thin surface-normal
photodetectors was measured up to 2.2%, which decreased as the carbon percentage was increased.
© 1998 American Institute of PhysidsS0003-695(98)00915-3

Integration of cost effective photonic devices with ma-with small percentages of carbgnnder 3% by MBE and
ture Si-based microelectronic technology remains an area &% by RTCVD).*°
intense research® Current optoelectronic communication This work has concentrated on the binary;GgC, al-
systems are based upon expensive but high performandey. Previous research on the GgC, system has centered
[1-V compound optoelectronic components and often cum-mostly upon its material properties. Our own investigations
bersome hybrid integration schemes. One such effort to reexplored processing issdésand now device performance,
alize affordable and easily mass-produced optoelectronic indsing these new Group IV alloys. In this letter, we report on
tegrated circuit§OEIC9 which could potentially impact the the fabrication and characterization pfGe, _,C,/n-Si het-
consumer market involves Si-based optoelectronic devicegrojunction photodiodes grown by MBE with X
These devices need to be monolithically integrated with Si=0.02), nominally. Our diodes demonstrate that rectification
based microelectronics and operate in the infrared waveand diode leakage significantly improves by adding C to Ge.
length region, suitable for fiber-optic communications. Photoresponsivity to 1.3um light, suitable for fiber optic

One such candidate is Group IV semiconductor alloyssystems, was observed for tpeGe, _,C,/n-Si photodiodes
and heterostructurés® In the past decade, most work on which were based upon a Si platform.
Group IV semiconductors has focused on strained Si-rich  The normal-incidence heterojunctign-n photodiodes
SiGe alloys on Si substrates. To achieve an efficient photowere fabricated fronp-Ge, _,C, epilayers grown or{100)
response at the 1,8m wavelength region with SiGe/Si pho- n-Sij substrates by MBE in an EPI 620 system. Details of the
todetectors, the Ge concentration should be in excess @be _,C, growth are described elsewhér&he carrier con-
35%. However, the 4% lattice mismatch between Si and Geentration of then-Si substrates was 16-10° cm™ 3. The
constrains the design of SiGe heterojunction devices becaus@el_xcX bulk epilayers werén situ dopedp type by a con-
of the limited critical thickness for pseudomorphic SiGe ep-current B flux, using an effusion cell loaded with pure B in a
ilayers on a Si platform. pyrolytic graphite crucible and all epilayers were about 0.6

Incorporation of C into Si and Ge to form GgC, and  ,m thick. Information on the composition, doping and thick-
the ternary alloy Si—,Ge,C, makes it possible to reduce ness of the-Ge, _,C, epilayers used in this study is listed in

the compressive strain between the SiGe epilayer and the $iple I. The nominal C compositions were determined from
substrate, and therefore to control the strain about the latticgye growth conditions, which were calibrated from other

matching condition for Si substrates while allowing adjust-samples.

able band gap$.® However, due to the low solubility of C in The substrate temperature during MBE growth was kept
Ge (10 atoms/cr at the melting point of Gg' it is consid-  constant at 400 °C. This temperature produces layer-by-layer
erably difficult to obtain large fractions of C in Ge. G&C;  growth of Gg_,C, to avoid growth front roughness, which

is pr%dmted to be_ the_rmodynammally unstable in solid statgccyrs at elevated temperatutdglso, this growth tempera-
form,” decomposing into its segregated components undefre minimizes outdiffusion of the B dopant into the Si sub-
zero pressure. But, nonequilibrium growth techniques, suclrate, and junction displacement. These Ge-rich layers were
as molecular beam epitaxyIBE) or rapid thermal chemical = ¢onfirmed to be single crystal with good crystallinity away
vapor depositioRTCVD), can synthesize Ge,Cy alloys  from the interface by channeling Rutherford backscattering
(RBS). For epilayers greatly exceeding the critical thickness,
3Electronic mail: pberger@ee.udel.edu it is expected that the epilayers should be relaxed with a high
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TABLE I. Selected information on the material properties, including composition, doping level, and epilayer

thickness of the samples used in this study along with representative diode characteristics of the
p-Ge,_,C, /n-Si heterojunction photodiodes, including dark current at selected bias points, ideality factor and

external quantum efficiencfEQE) at 1.3 um.

Sample Number SGC174 SGC173 SGC175 SGC236
Nominal composition G99 0.008 Gey 98Co.014 Ge.9eCo.02 Ge
P-type doping level (cm?®) 2.7x 101 2.1x10'8 1.5x 108 2.0x 108
Thickness(nm) 590 (RBS? 610 (RB9? 645 (RB9? 600 (GO)P
Dark current(pA/um?)

@-1V 14 12 10 414

@-20V 73 34 46 1800
Ideality factor 1.08 1.07 1.05 1.19
External quantum efficienc{fb)

@1.3um 2.2 2.0 1.3 2.2

corrected 2.8 25 1.6 2.8

8RBS: determined by RBS measurements.
bGC: estimated from growth condition.

density of defects, including misfit and threading disloca-small variation in C composition. Therefore, a small amount
tions. This was confirmed by transmission electron microsof C can have a profound impact on leakage, but adding
copy (TEM) in cross-sectional views on similar layers, more C leads to diminishing returns.

which showed dislocation densities about%ém™2. The |-V curves of thep-Ge,_,C,/n-Si diodes(Fig. 1)

Ge,_«Cx mesas, which were 94m in diameter, were 3| show a low turn on voltage of only 0.15-0.2 V for the
formed by photolithography and wet etching into the Si suby_; Gg,_,C,/Si heterojunctions regardless of C composi-
strate, using a §P0,:H,0,:H,0 etchaml..3 A second pho- tion. A large series resistance in the low-doped Si substrate
tolithography defined the annular ohmic contd¥ um  aqe extrapolation of the ideality factor, but an improve-
outer diameter and 5&m inner diametor using standard o0+ of giode properties by adding C to Ge was observed. A

lftoff technolog}/. A Ti/Au bilayer was deposn_ed by el_ectron summary of the diodé-V characteristics is listed in Table I.
beam evaporation atop the mesa. The backside ohmic contact g .
Photoresponsivity was observed for all the;Gg,/Si

on the Si substrate was formed by e-beam evaporation cﬁ . . . . L
Ti/Au on the entire backside of the substrate. The sampIese'[erojumnon_0“0_deS using Iase_r excitation at a wavelength
then underwent heat treatments in a forming ¢as% ©f -3 #M. which is below the Si band gap.{=1.1 um).
H,—N,) ambient at 300 °C for 30 s in a Heatpulse 610 rapidThe laser beam was focused within the inner circle of the
thermal annealingRTA) furnace. Adjacent to the diodes @nnular contact onto the bare 5gC, surface. Photocur-
were transmission line methofTLM) test structures for fents were measured in these diodes which lack any anti-
measuring the ohmic contact resistance of the_ G, con-  reflection coatings and are shown in Fig. 2. The external
tacts. The metal contacts were determined to be ohmic, witAuantum efficiencie€EQE) were calculatedsee Table)l To
a specific contact resistance of undet1® ¢ Q cn?. account for the fraction of the incident laser spot falling out-
The current—voltage 1&V) characteristics of the side the central window area and is reflected off the annular
p-Ge _,C,/n-Si diodes were measured and are shown inmetal contact, a correction factor of about 0.8 was multiplied
Fig. 1. The Ge_,C,/Si structures exhibit diode rectification. by the total incident light power, assuming a two-
All the diodes exhibited reverse breakdown voltage-&f0
to —80 V, irrespective of the C concentration varying from
0% to 2%. The measured reverse saturation currents of th

F —B—Ge, 4, C, /=S
threep-Ge, _,C,/n-Si diodes at-20 V and—1 V are in the oL —.—G:Wcm/:.s;
range of 34—74 pAdm? and 10-14 pALM?, respectively —A—Ge,,,C,,/nSi
(Table ). No clear dependence of leakage current on the C.. I —v—Ge/n-Si

concentration was observed for any of theGe, _,C,/n-Si
diodes. This measured leakage current is comparable to
reported leakage current density of 70 pAP for a

Sip 38556 6060 015 P-i-n photodetectot? The p-Ge/n-Si di- e \ —————— g =\

Current (
Iﬂ
A

ode (SGC236 control diode with 0% C exhibits a much
larger reverse saturation current, as shown in Fig. 1, thar
diodes which include C in the active region. This large
change of reverse saturation currents betweep @& di- 16° P P E— R S —
odes with C and without C agrees with earlier restit§he ’ ) |
C may improve the Ge/Si interface quality and consequently
the diode properties, but the small differences observegig, 1. The measured-v characteristics(semi-log form of the
among the three-Ge, _,C,/n-Si diodes could be due to the p-Ge, ,C,/n-Si diodes with 0%, 0.8%, 1.4%, and 2.0% carbon.

Voltage (V)
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FIG. 3. The spectral photoresponsivity of the-Ge, g9 gos/N-Si,

FIG. 2. The measured photocurrent for theGe;_,Cy/n-Si photodiodes  P-G&.gadCo.014/N-Si, and p-Gey 9dCo 02/N-Si photodiodes. Note the el-
with 0%, 0.8%, 1.4%, and 2% carbon and incident &8 illumination. evated response at 14m due to the Si substrate.

: : o . . ? at —1 V) than that of ble-Ge, _,C,/n-Si
dimensional2D) Gaussian distribution for the incident light. girgdea( 10 pA)/,urr?znat élov)a glcj)é]ngrt)ezrt?ngptha?cx c)c()urlld ilm-
The corrected EQEs are given in Table I. rove the Ge_,C, epilayer quality and suppress photodiode

Spectral dePeF‘def?CG of the photoresponsivity was me ark currents. High reverse breakdown voltages in excess of
sured, as shown in Fig. 3. Note the elevated response for

- t Y in all of th
wavelengths below 1.4m where the absorption edge of the 60 and some up to-80 V are observed in all of the

. . . - p-Ge,_,C,/n-Si diodes, including thep-Gen-Si diode.
Si substrate becomes prominent. It. IS expected that the.re IS[ilespite the large number of dislocations and defects at the
dependence of 1.am photoresponsivity on C concentration,

- o heterojunction, photoresponses with a measured EQE of
because substitutional C will increase the band gap of th J P P Q

. . §.39%-2.2% from the Ge,C, epilayers were observed by
Ge,_«Cx alloys and cause a blueshift of the absorption edge1.3 um laser excitation, and allow fiber-optic compatible

1—2)'5 WCTSGShQV\;]n W'th agsorptlo"n StLle 'ISS fortthgCX (tsz' photonics on a Si platform. There may be some nonlinear
and e-ric Si'*X*V_ &Cy alloys.” From these studies dependence of EQE on carbon concentration.
the Gg_,C, band gap is expected to havet®&3 meV/%C )
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