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Integration of Waveguide-Type Wavelength
Demultiplexing Photodetectors by the Selective
Intermixing of an InGaAs—InGaAsP
Quantum-Well Structure
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Abstract—Using the selective intermixing of an InGaAs-In- intermixing of MQW structures is a simple and useful tech-
GaAsP  multiquantum-well (MQW) structure, a wavelength njque for the fabrication of optoelectronic devices requiring
demultiplexing photodetector which can demultiplex two widely different bandgap energies on a chip. This technique permits

separated wavelengths was fabricated. An InGaAs—InGaAsP e
MSW with a u-InchIadding layer and a u-InGaAs cap layer, postgrowth modification to the bandgap energy of the MQW,

grown by metal organic chemical vapor deposition was used. Se- thus providing a flexible, simple and low cost process com-
lective area intermixing of the InGaAs—InGaAsP MQW structure  pared to selective area epitaxy or selective etching and regrowth
was done by a rapid thermal annealing after the deposition and [6]-[12]. The intermixing techniques for InP-based MQW's
patterning of the SiO, dielectric layer on the InGaAs cap layer. are important because of their potential application in 166

The integrated structure consists of shorter and longer wavelength fib ti icati t . toelectronic devi
sections, separated by an absorber section. Shorter wavelength IDEr-opic communication Systéms In optoélecironic devices

and absorber sections were intermixed with the Si@ dielectric Which require different bandgap energies. We recently reported
layer. At a wavelength of 1477 nm, the output photocurrent ratio  on an impurity free vacancy diffusion (IFVD) technique using

was enhanced as the length of the absorber region increased andan SiQ, dielectric film on an InGaAs cap layer for promoting
a ratio of over 30 dB was observed, while at a wavelength of 1561 1, intermixing of an InGaAs—InP MQW system, in which
nm. an output phofocurrém ratio of 18'_9 dB was observed. large bandgap shifts were observed [7]. This method was also
Index Terms—Dbielectric cap annealing, dual wavelength pho- applied to InGaAsP-InP and InGaAs—InGaAsP MQW systems
todetector, InGaAs-InGaAsP multiquantum wells, integrated op- \yhere the spatial resolution of the IFVD process was found
tics, quantum-well intermixing, waveguide photodetector, wave- to be less than m and a large loss reduction in ridge-type
length demultiplexing. ; : ’ g 9 Yp
waveguides was investigated [8], [9]. For the compressively
strained InGaAs—-InGaAsP quantum-well structure, a large
|. INTRODUCTION bandgap shift was obtained at a relatively low annealing

UE TO the current development of fiber manufacturinégmperature compared to lattice matched MQW structure [10].
wavelength rangess( S+, C, L band), which were difficult to waveguide type photodetectors that can (_jemu!timﬂxwidely
utilize in the past, now hold great promise for future applic&€parated wavelengtieapable of separating widely separated
tions [1]-[2]. Thus, photodetectors (PDs) that can demultiplé¥@velengths, not for wavelength division multiplexing (WDM)
wavelength bands have a great deal of potential relative 33d dense WDM (DWDM). Our work is focused on the fab-
fiber-optic communication systems of the future. In achievingcation of a demultiplexing photodetector which can operate
such devices that are monolithic, techniques for fabricatirig the 1.48-/1.55:m wavelength ranges by intermixing of the
regions that have different bandgap energies on the same wfiétaAs—InGaAsP MQW structure by the Sidielectric cap
are required. Several techniques exist for fabricating su@pnealing process. Section Il describes the fabrication process,
regions selectively: selective area growth using SiBasks while Section Il examines the spectral responses and demulti-
in conjunction with metal organic chemical vapor depositioRl€Xing functions of the fabricated devices. However, this type
(MOCVD) [3], laser-assisted metal organic molecular beaff photodetector is not adequate for application in WDM and
epitaxy (MOMBE) [4], the quantum-confined Stark effecPWDM systems.

(QCSE) in multiguantum-well (MQW) structures [5], and
quantum-well intermixing techniques [6]. Among these, the |l. EXPERIMENTAL METHODS AND DEVICE FABRICATION
An InGaAs-InGaAsP MQW grown by metal organic chem-
ical vapor deposition (MOCVD) was used for this experiment.
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“_“-:""'"" passivation layer. Au—AuZn—Cr—Au and AuGe-Ni-Au multi-
Aplesed wiibe) ] i ] level systems were used for p- and n-type contact metal. The
AR PRz amount of the isolated resistance between the two photodiodes
ST e 74 was about 10 for the 100pm absorber region and increased
e W . L as the absorber region length increased. This value was com-
.wﬂ' i parable to other reported experimental results without an elec-
{ A a e i N trical ground for the absorber region [4]. Thus, selective area

Zn-doping for p-type layer formation and electrical isolation of

Fig. 1. Schematic diagram of integrated waveguide type photodetectors. {Eg phOtOdeteCtorS by separation Is S|mple and effective when

large bandgap area was annealed with an, Si@lectric layer on an InGaAs tNIS approach is used.
cap layer and the small bandgap area was annealed without thel®i@ctric

layer. ll. RESULTS AND DISCUSSION

) The spectral response of the photodetector was characterized
U-INg.;3Ga.47 As cap layer. The MQW structure consists of,qing 5 tunable laser. Two tunable lasers were used to obtain a
five layers of 84-A In_53Ga 47As and four layers of 100 A wide spectral range and, as a result, a wavelength range from
Ino.77G&.23A%.47Po 53. The epitaxial layers were intention-14g0 1o 1625 nm was obtained. Light was end-fiber coupled
ally undoped, in order to avoid impurity-induced disordering, yhe photodetector using lensed fiber with spot size pfi8
by Zn diffusion during the intermixing process and electrical,q jnnyt polarization was set to the transverse electric (TE)

isolation between devices [12]. A schematic diagram of thg yransverse magnetic (TM) mode by means of a polarization
integrated waveguide type photodetectors is shown in Fig. Jyniroller.

Regions for shorter wavelength detection, a dummy waveguiderpe oy pling efficiencyy was calculated by integration over
as an absorber region, and a longer wavelength are lineggl areq of overlap between the normalized optical field of the
lined up and coupled light propagates each region thro”%‘htemitted from the lensed fiber(, y) = 4, ()1, (y), and

a rib waveguide. The width of the waveguide is 2, the e normalized optical field of the guided lightwave through the
length of each detector is 250m, and that of the absorberwaveguide@»(x ) = (@) by (y)
3 ’ - e EM

region varies from 100 to 900m. For the as-grown epitaxial

layer, the PL peak wavelength of the MQW was found to be 5

1480 nm at 10 K and 1588 nm at room temperature. A 1700 A > // U(z, y)®i, j(x, y) do dy
— % J

SiO, dielectric layer was deposited on the InGaAs cap layer

by plasma-enhanced chemical vapor deposition (PECVD) to 7= 2
enhance the intermixing of the MQW. An Sidielectric layer ‘//\I/(a:, y) dx dy
was patterned using photolithography and a wet chemical etch

was achieved using buffered HF. The sample was annealed at

750°C, for 45 s. Regions for shorter wavelength detection and = Z ‘/ Py () by, (u) dy
the dummy waveguide were annealed with a SSiflelectric J

layer and the longer wavelength region was annealed without it.

Regions with and without the SiQlielectric layer had bandgapWwhere: and j are the orders in the andy directions of the
shifts of 26 and 79 meV, respectively, and sufficient bandg#&lided light mode at the waveguide, respectively. Equation (1) is
difference was achieved. An MQW annealed without the,SiGPProximate because the width of the waveguide is much wider
dielectric layer shows a slight increase in bandgap compar®@n the distribution ofs.. ().

with the as-grown MQW. This is due to the self-diffusion of The photocurrent generated in the waveguide can be written
the well and barrier materials at the high annealing temperat@®

employed. The origins of the PL peak shift in the integrated -

region are considered t_o be well and barrier composition I— <@> Pory(1 —R)nra (A (1 _Cfoz()\)L) )
intermixing. Secondary ion mass spectroscopy (SIMS) of he a(A)

In, Ga, As, P, and S before and after the annealing process

were investigated. From the measurements, it was found thdtere

interdiffusion of both groups Il and V elements took place in eA/hc conversion factor from optical power to photocur-

2

@)

the MQW and S did not diffuse significantly at the interface of rent;
the u-InGaAsP confinement and n-InP buffer layer, in contrast I input optical,
to Zn at a high annealing temperature [8], [12]. R reflectance at the waveguide facet;
After annealing, the Si@dielectric layer was removed by wet 7 internal quantum efficiency;
chemical etching. The InGaAs cap layer between the two detecI” optical confinement factor of the active layer;

tors was wet-chemically removed to reduce propagation loss. Ax'"*(\) interband absorption coefficient;

P-ohmic layer was formed at the contact region byRZrevap-

oration and annealing so that two photodetectors could be ismd «()\) = Tai™()\),«q is the total attenuation coefficient,
lated electrically. The rib waveguide was formed by wet etchinghere«, represents the scattering loss coefficient of the wave-
and the SiQ dielectric layer was deposited by PECVD for theyuide andL is the length of the waveguide.
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For a multisegment waveguide photodetector, the photocur-
2 rent generated in segmentof length L:, can be expressed as
5 [5]
2
= el Laint()\)
g Ii= (,—) Pyl = Ry
3 i—1
£ ] exp <— 3 ak<A>Lk> (1-e=™E) ()
£ - k=1
& 3
EN ] where; denotes a segment of the waveguide type photodetector.
4 From (3), light coupled to PDpropagates through the wave-
e 1:&,’ 1500 1840 1860 1880 100 1e20  9uide and its intensity decreases due to absorption and propa-
Wavelength (nm) gation loss in the MQW. Non-absorbed light at £&nd the ab-
@ sorber region propagates to PDhus generating photocurrent.
‘ , . , Fig. 3 shows a normalized photocurrent spectrum of integrated
b ' " __ov - wavelength demultiplexing photodetectors for the TE and TM
'§ I ] modes, respectively. The generated photocurrent spectrum of
s PD; will be the same as shown in Fig. 2 but that of Pill be
N deformed. As can be seen in (3), the amount of photons reaching
EF the P} region decreases, as the result of absorption and scat-
tering in the previous region. Therefore, the photocurrent of PD
. at short wavelength was greatly decreased. The photocurrent of
g - ] PD; was reduced to nearly zero at wavelengths over 1570 nm
3 oV 1 and the peak of the photocurrent in the spectral responsepf PD
g N 1V i was near 1570 nm. As can be seen in Fig. 3, it is clear that the
o 2V e e e ] fabricated photodetectors can demultiplex wavelengths of 1480
=TT ~weooo. s and 1550 nm.
1450 1800 1520 1540 1860 1580 1600 1620 Crosstalk of the photodetectors (PD1 and PD2) can be defined
Wavelength (nm) by
(b) )
Fig. 2. Photocurrent spectra of individual photodetectors as a function of ¢ =10 x log <P—Dl> (4)
applied bias voltage. Red shifts of photocurrent spectra due to QCSE are seen
for the: (a) TE and (b) TM mode. when the light with short wavelength is coupled, and by

Fig. 2 shows the measured photocurrent spectrum of an indi- O = 10 x loe <_1> )
vidual photodetector as a function of applied reverse bias for the o s PD,
polarization of the TE/TM modes, respectively. The photocur-
rent was slightly reduced near 1480 nm due to the instabilityhen the long wavelength light is coupled to the waveguide.
of the tunable laser light source. A photocurrent spectrum 8b, the crosstalk can be viewed completely by plotting the pho-
PD; with a larger bandgap energy shows a blue shift with réecurrent ratio of PR and PO} (PD,»/PDy).
spect to that of PP for smaller bandgap energy, as would be Thecrosstalkforthe TEand TM mode lightatshortwavelength
expected from PL measurements. As shown in the figure, rsclue to incomplete absorption at Prhis is also the result for
shifts of photocurrent were observed due to the QCSE when gwattered and unguided light that reaches Bl the generated
reverse bias was applied to the photodetector. The responsivipastocurrent. Byincreasingthe spacingbetweenthetwo photode-
of each unit devices at zero bias are summarized in Table | tectors, thiscrosstalk canbefurtherreduced. Fig. 4 shows changes
two wavelengths of 1477 and 1561 nm. The light source wasrathe photocurrent ratio at 1477 and 1561 nm as a function of
distributed feedback (DFB) laser diode. The theoretical limit ahe spacing between photodetectors. Light from a single-mode
responsivity was calculated by assuming that the length of tB&B laser diode was coupled to the wavelength demultiplexing
waveguide was infinite. If the input waveguide facet was anti-rghotodetectors and the photocurrent ratios of Bid P0) were
flection coated, the responsivity of the photodetectors would beeasured asafunction ofthe absorberregionlength.
enhanced more. As would be expected from (3), the photocurrent and respon-

The wavelength demultiplexing function of the integratedivity of PD, will be decreased as will the ratio of BEo PD; .
photodetectors was also measured. The spectral response Avelsange in the photocurrent ratio at 1477 nm clearly shows the
measured at zero bias, because, when the reverse bias waeffipet of the absorber region. An increase in spacing between
plied to the photodetector, the photocurrent ratio between Pihe two devices resulted in an enhancement in the photocurrent
and PD became worse due to a red shift in the photocurrerdtio by reducing the responsivity of BDThe responsivity of
spectrum. PD, for the TE mode was reduced from 18 mA/W to j/B/W
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TABLE |
RESPONSIVITY OFUNIT DEVICES (PD; AND PD:) AT ZEROBIAS FOR TWO WAVELENGTHS (1477AND 1561NM). LIGHT wAS END-FACET COUPLED TOEACH UNIT
DEVICE USING LENSED FIBER. THEORETICAL LIMITS WERE CALCULATED ASSUMING THAT LIGHT IS FULLY ABSORBED AT THEWAVEGUIDE PHOTODETECTORS

Theoretical limit:
PD, (TE/TM) PD, (TE/TM)
TE/TM (A/W)
1477 nm 0.073/0.08 A/W 0.115/0.123 A/W 0.2739/0.2717
1561 nm 368/97 uA/W 0.1/0.08 A/'W 0.3042/0.3019
~ 100} o 2
= E Q B ] . ]
5 a1k ]
o g E
5 il
£ %= 1F = 1561 nm,TE 7%
g = o, o 1561 nm, TM
3 8 o4l A 1477 nm,TE ]
b1 5 - A 1477 nm, TM ]
X 8
2 o0 E
o E
o
) ) R ] L S 1E-3 E E
1480 1500 1520 1540 1560 1580 1600 1620 b

L ) i i i
Wavelength (nm) 0 200 400 600 800 1000

Length of absorber region (.m)
Fig. 3. Normalized photocurrent spectra of integrated waveguide

photodetectors for TE (solid) and TM (dot) mode. Fig. 4. Photocurrent ratio of PDand P} when the wavelength of coupled

light was 1477 nm (triangle) and 1561 (square) nm. TE and TM modes are

by increasing the length of the absorber from 100 to@®and, Presented as solid and open symbols, respectively.
hence, the crosstalk (RIPD-) was changedfrom6to 30dB.

For the wavelength of 1561 nm, the responsivity of the POL561 nm, the photocurrent ratio of Rland PO (PD,/PD;)
for the TE mode was reduced from 28 to 6.6 mA/W by inwill be degraded as much as 1/30 because of when the reverse
creasing the length of the absorber from 100 to @0® and, bias changes from 0 te4 V. This is because the photocurrent
hence, the crosstalk of BGand PQ) (PD./PD;) was changed spectrum of the photodetector shows red shifts due to the QCSE
from 18.9to 12.6 dB. Reduced responsivity is caused by absovyen the reverse bias is applied. Thus, zero bias was applied to
tion and waveguide loss of the injected beam while propagatititp devices for sufficient crosstalk.
to PD,. The reduction in the photocurrent ratio as a function Optimizing the epitaxial layer structure and intermixing con-
of absorber region are 78 dB/cm & 18/cm) and 304 dB/cm ditions can further improve the performance of the fabricated
(a = 70/cm) at wavelengths of 1561 and 1477 nm, respectiveg‘?Vice with respect to crosstalk, responsivity and speed. This

As a result, it is necessary to compromise the length i5r especially so when the bf_;lndgap dlﬁer.ence of the two areas
the absorber region to fit the system requirements. LarssgrPt: PD2) after the annealing process is large. In this case,

et al. fabricated and measured the characteristics of tuna@l%sorpt'on loss and photocurrent generation for 1561 nm is

GaAs—AlGaAs superlattice p-i-n photodetectors [16]. Th%mall in the area annealed with the Sidielectric cap and low

absorption spectrum was tuned using the QCSE by appl icr:]rosstalk is expected in this wavelength. In order to achieve
P P 9 y apply gIarge bandgap difference, an MQW with a large bandgap

external reverse bias to the photodetectors. They measured jag | -« sich as InGaAs(P)—InP or InGaAs—InAIAs, is
bit-error rate (BER) at a data rate of 100 Mb/s for the varioys oteraple because under the same annealing condition, a larger
crosstalks. Based on the measurement, a crosstalk of 10 idfqgap shift can be obtained compared with lattice matched
is sufficient to achieve a BER less than£0 Thus, it can be |nGaAs—InGaAsP MQW structure [7]-[9]. This is because
safely said from Fig. 4 that for the demultiplexing of 1477- angonfined electron, heavy and light hole energies in the MQW
1561-nm wavelengths using the fabricated device, @800f will be affected to a greater extent and bandgap shifts for a
the absorption region is sufficient for system applications. ffilly intermixed MQW will be larger for thinner wells and

the devices were operated at reverse bias, crosstalk betwieeger bandgap difference between well and barrier materials.
two photodetectors would be degraded. For the wavelengthAlthough bandgap shifts for tensile-strained MQWSs which
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had been annealed with an Sidielectric cap is very large [4]
under relatively low annealing temperatures, it cannot be used
because bandgap shifts without the gi@electric are also
large, since self-interdiffusion of materials in the MQW is large [5)
and the thickness of wells is small [10]. For high-speed optical
communications, the capacitance of the photodetector should
be below 30 fF, but the calculated capacitance of the fabricateqﬁ]
device is about 1 pF and thus the device size must be reduced
[13], [14]. To accomplish this, an increase in the number of
guantum wells and an enlarged InGaAsP SCH layer is needed
so that the waveguide is in multimode operation. The increaseqy,
number of quantum wells will enlarge the total absorption
coefficients and the length of the photodetector can be reduced
for fixed quantum efficiency and responsivity. Multimode 8]
operation will result in a larger coupling efficiency and it
also helps to reduce the device size and the capacitance [13].
However, the number of quantum wells is limited because the
interdiffusion coefficients of MQW will decrease as the depth %
of quantum wells from the surface of the wafer and the bandgap
is broadened in the area annealed with the,Sit@lectric layer  [10]
[15]. Thus, it is also necessary to optimize the epitaxial layer
structure to have low crosstalk, small device size and good
coupling efficiency and to satisfy the system requirements.  [11]

IV. CONCLUSION [12]

A simple and effective fabrication method for producing a
two wavelength demultiplexing p-i-n waveguide type photode{13]
tector was successfully demonstrated using selective area inter-
mixing of an InGaAs-InGaAsP MQW structure by Si@ielec- |14
tric cap annealing. A photodetector with a large bandgap shows
a blue shift in the photocurrent spectrum for the TE and TM 15]
mode with respect to that of small bandgap. It was shown the{t
integrated photodetectors can demultiplex wavelengths of 1477
and 1561 nm. The photocurrent ratio was greatly enhanced Hﬁﬁ]
increasing the length of the absorber region between the two
photodetectors. This area-selective quantum-well intermixing
can be further applied in the implementation of the monolithic
integration of optical devices on a chip.
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