20 GHz high performance planar Si/InGaAs p-i-n photodetector
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Planar Si/lnGaAs wafer fuseati-n photodetectors were fabricated and measured. They show high
internal quantum efficiency, high speed, record low dark current, and no evidence of charge
trapping, recombination centers, or a bandgap discontinuity at the heterointerfac&9970
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The advantages of directly bondimg -V and Si wafers Au:Be p-contact metal, and finally making ancontact to
to fabricate devices which maximize the advantages of eacthe Si substrate by etching a fn diameter mesa and de-
material are well knowd~* We demonstrate here high per- positing Al. The completed structure is shown in Fig. 1.
formance\ = 1.55 um telecommunicatiom-i-n photodetec- The dc photocurrent and the reverse dark current were
tors on a Si substrate. These devices are then used to inveseasured as a function of bias voltage frdig=0 to 10 V
tigate the characteristics of the wafer fused Si/InGaAgshown in Fig. 2. Note that the photocurrent is constant with
interface, which is important for both-i-n's and avalanche V, even down to zero bias, suggesting that there is no sig-
photodiodegAPDs). Recently, a Si/InGaAs APD formed by nificant charge accumulation or trapping at the interface.
wafer fusion was demonstraté. This Si heterointerface Further, the dark current is a record low forl8i=V bonded
photodetector advantageously used an InGaAs layer for theafers(lp =100 pA atV,=4 V), and is in fact comparable
absorption ofA=1.3 um light and a Si layer for the ava- to standard InP/InGaAg-i-n’s, again indicating the excel-
lanche multiplication region. High bandwidth lent quality of the interface. To quantify this, we note that
(BW=9 GHz) and high gain &=35) resulted in a record from V,=0 to 4 V the dark current is given by generation
gain-bandwidth product of 315 GHz. The dark current, how-recombination and thus we can wfite,=AqnW/7. Sub-
ever, was substantially higher than is desiralg=80xA  stituting for the areadA=4.5x10"® cm™2 (the pn junction
at G=20). One aim of the present study was to determine ifactive diameter is 24um when diffusion is accounted for
this largel , was due to intrinsic defects at the heterointer-n; =10 cm™? for the intrinsic carrier density in the deple-
face(e.qg., traps, interface charge, recombination centers, digion region, and the depleted InGaAs wid=0.6 um at 4
locations, etg.or a result of the fabrication technology used V, one obtains a carrier lifetime of=400 ns. This long
(e.g., mesa device isolation, and ion implantaticaanother lifetime again indicates that there are no significant traps or
goal was to accurately measure the interface and chargéefects in the bulk of the depletion region or at the hetero-
transport properties. Thus, in order to analyze these issudgterface. Additional support for this conclusion is supplied
planar Si/InGaAsp-i-n's were fabricated. by forward | -V measurements, which over the randg
The Si wafer consisted of a 0m undoped Si epilayer =0.1t0 0.4 V is given by =1, exp@V/nkT), with an ideal-
grown on am* substrate using rapid thermal epitaxyhe ity facto n=1.1 to 1.2. This near unity value of again
I11 -V wafer was grown on am™ InP substrate using low shows the lack of recombination centers in the active region.
pressure metal organic chemical vapor depositionhe absolute value of the quantum efficieney= 7;7,
(MOCVD), and consisted of a 0,8m Ing s:Ga 4As (abbre-  (Wheren,=1—e", is the absorption quantum efficienay,
viated InGaA$ stop etch layer, followed by a 0.6m InP
window layer and a 1.Qum InGaAs absorption layefall
undoped. These wafers were fused in an oven at 650 °C in
flowing H, as described previoust/After bonding, the InP Si0,(2)
substrate and the InGaAs etch stop layer were removed. Si0, (1) &
Device fabrication began with the deposition of a 0.15 n~InP —>
um SiG, layer, followed by etching a 2zZm circular win-
dow down to the InP, diffusing Zn for th@n junction
(550 °C for 45 min resulting in a total depth of 1:6n and n-Si— n Metal
th_us, a 0.4_,um p* InGaAs layey, a second d(_aposition of n* Si Substrate i
SiO,, opening a 12um diameter window, etching down to
the InGaAs absorption layer, depositing a @th diameter FIG. 1. Structure of back illuminated planar Si/InGags-n detector.
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FIG. 4. Frequency response of the Si/InGgAs-n photodetector showing

. . . . . . a 3 dB response of 21 GHz.
is the optical absorption coefficient, ang is the internal

guantum efficiency, i.e., the fraction of the photogenerated
carriers which are collect¢dvas accurately measured at =-—0.6 V, consistent with other measurements on our epi-
=1.55 um by comparing the photoresponse to that of a calitaxially grown InGaAs and Si. Furthermore, the junction ca-
brated InP/InGaAp-i-n. After correcting for the reflectivity ~pacitanceC=>50 fF at 10 V, is in excellent agreement with
of the incident Si surface, and the thickness of the InGaA®ur geometrically calculated value using the L deple-
absorption layer, the internal quantum efficiency was detertion width consisting of 0.gum InGaAs and 0.5um Si.
mined to bezn;=100% to within the accuracy of our experi- Combining C,,=100 fF (at V,=10V) with the mea-
ment (5%). This result clearly demonstrates that there is nosured contact resistané®=40(} [i.e., a total circuit resis-
measurable loss of photogenerated carriers across the $#nce ofR=(50+R;)Q=90(),] results in a calculateRC
InGaAs, further confirming the nearly ideal interface. frequency response dizc=1/(27RC)=18 GHz, which is
The capacitance was measured as a function of voltagexpected to dominant the response speed, since the transit
using a high speed probe and a Lightwave Analyzer at time limited frequency is calculated to dg=38 GHz. A
GHz. The total measured capacitan€g,(V,), shows a lightwave analyzer and a high speed probe were used to mea-
smooth decrease with increasikg, with no indication of a  sure the 3 dB bandwidth which was found to be 21 GHz, as
change of slope, demonstrating that there is no excess charggown in Fig. 4. This good agreement withc at 10 V as
at the interface. This can be seen more quantatively by usingell as at lower biaseg¢e.g., atV,=0V, C,,=280 fF and
the relatiof C(V,)/A=[qeN/2(V,+V,;)]*2 where both frc and experiment give 6 GHzagain demonstrate
C(Vp)=Cn(Vy)—Cy is the junction capacitanceC, thatthere is no trapping at the interface due to either defects
=50 fF is the measured fixed stray and pad capacitanise, or a hetero-bandgafE discontinuity. Thus, the Si/InGaAs
the dielectric constant)l is the charge density in the deple- interface seems nearly ideal not only in the lack of any de-
tion region, andv,,; is the built-in voltage. Thus, by plotting fects or charge trapping, but also in having a small disconti-
C(Vp) 2 vs V, a straight line with a slope of (@ENA?)  nuity AE.~0.
should result. Figure 3 shows an excellent straight line, and  As a final characterization of the interface, we measured
thus, no indication of any trapped charge at the heterointethe absolute photocurrent noise powasing a noise figure
face. From the slope and intercept, one obtas 1.4  meter at a frequency of 30 MHz and a bandwidth of 4 MHz.
X 10'® cm 2 for the depletion layer charge density, avig Knowledge of this noise behavior is important if the Si/
InGaAs junction is to be used in an APD, since receiver
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excess noise contribution due to traps would be highly detterface is nearly ideal. This indicates that record perfor-

rimental. For this determination, the photocurrent was genmance, high gain-bandwidth, low dark current APDs can be

erated using an incoherent light source to eliminate angxpected.

spontaneous emission noise which would be produced by a The authors are grateful to T. Fullowan, P. Sciortino, R.

laser. As shown in Fig. 5 the current noise power is linear inYadvisch, C. Doherty, and H. Cox for discussions and help

l,, as expected, with a slope of %40 3 kT/uA in good  with the processing and growth.
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