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We demonstrate Ge-on-Si metal-semiconductor-metal (MSM) photodetectors monolithically

integrated with silicon oxynitride (SiOxNy) waveguides. The waveguide is placed on top of the

photodetector and between the metal electrodes, evading the shading effect by metal electrodes,

which is typical in surface-illuminated MSM photodetectors. The devices showed responsivity of

about 0.45 A/W for 80 lm long devices at 1550 nm. The photodetector with 1.5 lm electrode

spacing showed 3 dB bandwidth of 2.0 GHz at �2 V and 2 lA dark current. Further studies suggest

that with a modified design the structure is capable of achieving 1 A/W responsivity and greater

bandwidth. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4773212]

Monolithic integration of photonic components with

current microelectronics technology is a possible solution to

the terabit-per-second future data transfer demand for chip-

to-chip and intra-chip interconnections. In recent years, such

a monolithic integration approach based on Si complemen-

tary metal–oxide–semiconductor (CMOS)-compatible proc-

esses has shown promising potential.1,2 One of the key

photonic devices in optical interconnects is the waveguide

(WG)-integrated photodetector needed at the end of the opti-

cal link.

Many waveguide-integrated Ge-on-Si photodetectors

have demonstrated high performances compared to surface-

illuminated photodetectors, including p-i-n3–5 and metal-

semiconductor-metal (MSM)6–8 detector structures, with

different coupling structures such as bottom-waveguide-

coupled,3–7 and butt-waveguide-coupled8 devices. Many of

those were integrated with Si waveguides built on silicon-on-

insulator (SOI) wafers. However, because Si waveguides built

in SOI wafers share the same Si layer with CMOS devices, Si

waveguide networks occupy the CMOS chip real estate and

can interfere with microelectronics design layout.

On the other hand, dielectric waveguides such as SiNx or

SiOxNy can be introduced in the upper level in the chip. With

optical waveguides built in the upper level instead of on the

substrate, the general Si CMOS chip architecture, where

active devices are fabricated on the substrate and the passive

interconnects are in the upper levels, can be retained for easier

electronic-photonic integration. A top-WG-coupled photode-

tector can fit better with such optical interconnect architecture.

Ge p-i-n9 and Si p-i-n10 PD devices with the top-WG-coupling

scheme have been demonstrated.

In this paper, we present a crystalline Ge MSM photode-

tector integrated with SiOxNy channel waveguides using a

top-WG-coupled configuration. MSM photodetectors often

provide simple device structure and processing, faster speed

response, and better compatible integration with CMOS tran-

sistors. The main disadvantage of a surface-illuminated

MSM-PD is often its low responsivity due to the shading

effect by the metal electrodes and relatively small photode-

tector film thickness. However, such problem can be over-

come by achieving a proper integration with a waveguide

between the MSM metal electrodes, which is the motivation

of this work. Also, SiNx or SiOxNy waveguides can be inte-

grated in the back end of line (BEOL) of CMOS processes,

which would be advantageous for applications in three-

dimensional (3D) integrated photonic circuits.

The integrated photodetector design consists of a SiOxNy

channel waveguide laid on top of a Ge MSM device and

between the MSM metal electrodes, as shown in Fig. 1(a).

The fabrication process started with (100) Si p� (10–20 X cm)

substrates. The wafers were cleaned with standard piranha

FIG. 1. (a) 3D-schematic structure and (b) cross-section of the top-WG-

coupled PD device. (c) Schematic of the waveguide photodetector coupling

structure with some notations used in Eq. (1).
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solution and HF dip. Epitaxial growth of Ge was then per-

formed in an ultrahigh vacuum chemical vapor deposition

(UHVCVD) system at a pressure of 10�9 Torr. An ultrathin Si

seed (�15 nm) was grown at 700 �C. Subsequently, a thin

relaxed Ge layer (�50 nm) was grown at 380 �C to minimize

the dislocation density, and followed by an additional Ge

main layer growth of 1.25 lm at 700 �C. The devices were

fabricated using mesa structures where 2.5 lm of Ge/Si was

etched to reduce the optical losses of the waveguide into the

Si substrate. Then, the SiO2 cladding layer was deposited by

plasma-enhanced chemical vapor deposition (PECVD), and

the top surface was planarized with chemical-mechanical pol-

ishing (CMP). Next, SiO2 windows were opened on top of the

Ge layer to assure a good optical contact between the wave-

guide and photodetector material. Then, a layer of 1.2 lm

thick SiOxNy was deposited by PECVD, and the waveguide

structure was patterned using the contact lithography. SiOxNy

material has the advantage of providing a wide and flexible

range of refractive index, which can be adjusted by oxygen

and nitrogen composition changes.11 The single mode channel

waveguide design we used had 1 lm(W)� 1.2 lm(H) dimen-

sions, and a refractive index of 1.64. After waveguide etching,

a 2.5 lm thick SiO2 cladding layer was deposited by PECVD.

Finally, contact holes were opened and 25 nm Ti and 1.2 lm

aluminum were deposited by evaporation. After the lift-off of

the contact pads, the wafers were annealed at 400 �C for

20 min in forming gas. The fabricated photodetectors have a

device length, L, of 10, 40, and 80 lm, a width of 10 lm, and

an electrode spacing, d, of 1.5, 2.0, and 3 lm.

Photodetectors were characterized by taking measure-

ments of DC responsivity, dark current-voltage characteristics,

and frequency response. The responsivity of the waveguide-

integrated photodetector, with 1550 nm illumination coupled

to the detector through the waveguide, was measured by cou-

pling the light using a microlensed fiber into the cleaved facet

of the SiOxNy waveguide at the edge of the chip. The optical

power at the point of entering the photodetector, Pin (see

Fig. 1(c)), was estimated using the method similarly reported

in Ref. 9. The responsivity is given by

R ¼ DI

Pin
¼ I � Idark

Pout;ref � 10aWG�l=10
; (1)

where DI is the change of the current under illumination,

aWG is the waveguide transmission loss in units of dB/cm,

l is the distance from the photodetector input to the end of

the waveguide, and Pout,ref is the transmitted optical power

of the reference waveguide. Being measured from adja-

cent reference waveguides using the cutback method, the

waveguide propagation loss at 1550 nm was estimated to

be 8.2 dB/cm, which can be improved further when the

fabrication processing details are optimally developed

with advanced processing facilities.11 The waveguide

propagation loss was not much optimized in our work,

because it is not the focus of this paper. Defining Pin in

Eq. (1) as the optical power that was delivered to the front

of the photodetector and entering the device enable us to

exclude the factor of the passive waveguide loss and to

evaluate the photodetector performance mostly based on

(1) the optical coupling efficiency from the passive bus

waveguide to the photodetector and (2) the photodetector

conversion efficiency.

Figure 2 shows the measured responsivity of the SiOxNy

waveguide-integrated Ge MSM photodetectors. The 0.45 A/W

responsivity for an 80 lm long device shown in Fig. 2

indicates the external quantum efficiency of �36%, which

includes both WG-to-PD optical coupling and internal PD

quantum efficiency. Limited responsivity of our device seems

to be due to optical leakage of unabsorbed light into the Si

substrate attributed to weak optical confinement in the Ge/Si

interface and a relatively small proportion of the horizontal

WG-to-PD direct coupling due to small index-contrast of the

waveguide,10,12 which will be further explained in the next

paragraph. Comparison to the surface-illuminated device in

Fig. 2 shows that a waveguide-integrated photodetector device

can achieve significantly higher responsivity compared to the

similar Ge MSM PDs that are surface-normal illuminated.

Surface-illuminated MSM photodetectors lose efficiency due

to metal electrode shading and limited Ge film thickness. Inte-

gration with waveguides can evade the shading effect by

injecting the light only in the middle of the electrodes spacing,

and achieve the lateral light coupling to the photodetector,

thus resulting in higher effciency.

The dark-current characteristics of our devices are shown

in the Fig. 2 inset which showed reasonably low 1-2 lA dark

current level in the bias voltage range of 1–3 V. The dark cur-

rent for longer devices gradually increased up to 8 lA for

80 lm long devices at 3 V, relatively higher compared to that

observed for the Ge PIN device which can be <1 lA with

approximately similar device sizes.9 High dark currents in the

MSM devices may be because of the low Schottky barrier

height for any metal on Ge, and can be further lowered by

adding some known processing measures such as amorphous

Ge13 or a silicon-carbon (Si:C)7 Schottky barrier enhancement

layer.

Fig. 3 shows the responsivity change in terms of the

photodetector coupling length. The responsivity increases at

a rate of 1/a coupling � 33 lm, and tends to saturate at about

>60 lm. The WG-to-PD coupling rate of our photodetector

tends to be longer compared to that of Ge devices coupling

FIG. 2. Responsivity as a function of voltage measured for a detector length

of 10, 40, and 80 lm. The circle line indicates the responsivity of the device

when illuminated by optical fiber from the top. The inset shows the dark

current-voltage curve for L¼ 10 lm.

261109-2 Cervantes-Gonz�alez et al. Appl. Phys. Lett. 101, 261109 (2012)
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case with Si waveguides.5,7 However, a higher responsivity

and a shorter coupling length can be achieved with further

modifications in the device structure design. For example,

use of a higher index-contrast Dn waveguide can enable a

greater portion of light from the WG to enter the Ge layer in

the horizontal direction, decreasing the detector coupling

length. Also, the use of SOI substrate instead of Si bulk wa-

fer can confine the photons in the Ge layer until they are

fully absorbed in the photodetector (Fig. 3 inset (a)), whereas

the photons left unabsorbed after a single pass through thin

Ge film leaks into Si, and can get lost in the case of the de-

vice built on Si bulk substrate (Fig. 3 inset (b)). Therefore,

the responsivity performance of our Ge MSM devices can be

enhanced further simply by adopting SOI substrates for the

same device structure.

In Fig. 4, the frequency response is plotted for the device

with a 2 lm electrode spacing at 2 V bias voltage. In the

Fig. 4 inset, the measured 3 dB frequency results of the devi-

ces with different electrode spacings are shown. As it is

shown, with decreasing the electrode spacing, the 3 dB fre-

quency increases, reaching approximately 2.0 GHz at 2 V. In

MSM-PDs, the bandwidth is related to the Ge thickness, and

the spacing of electrodes. The increase of the frequency

response speed tends to be saturating at <1.5 lm electrode

spacing, because the photon absorption that occurs in the

lower part of Ge film deep below the surface, where the elec-

tric field intensity would be weak, remains to be significant

portion in spite of the decreased electrodes spacing and

becomes a limiting factor. In our structure, a higher bandwidth

can be achieved by decreasing the waveguide dimensions and

using SOI substrates. Smaller waveguide dimensions and SOI

substrates allow for the decrease of the spacing electrode and

the Ge thickness, respectively, and can shorten the transit time

of the collected carrier while maintaining a high responsivity.

We demonstrated CMOS-compatible MSM Ge-on-Si

photodetectors monolithically integrated with SiOxNy wave-

guides using top-WG-coupling configuration. The dark cur-

rent is about 2 lA for a 10 lm long photodetector, which can

be reduced by increasing the Schottky barrier height. The

responsivity is about 0.45 A/W for an 80 lm long photode-

tector, and the 3 dB frequency reaches about 2.0 GHz for a

1.5 lm wide electrode spacing. We experimentally demon-

strated that, for the same-quality Ge MSM photodetector

devices, optical signal injection through a waveguide in the

middle of the spacing between the metal electrode can pro-

vide significantly higher efficiency and speed, compared to

the surface-normal illuminated case of the same photodetec-

tors. Our device can fit well for the architecture that employs

a dielectric waveguide network in the upper level, and we

discussed the design methods to further enhance the device

performance using high index-contrast waveguides, smaller

waveguide dimensions, and SOI substrates.
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FIG. 3. Measured and fitted data of responsivity vs device length. The inset

shows the optical simulation (cross-section view) of the mode profile with

(a) Ge-on-SOI and (b) Ge-on-Si substrates. The use of SOI substrates allows

the confinement of the light between the waveguide and the buried oxide.

FIG. 4. Frequency response for the device with a d¼ 2 lm. The inset shows

3 dB frequency measured at 1.55 lm wavelength and 2 V for different elec-

trode spacings.
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