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Bolometric effect in a waveguide-integrated graphene photodetector
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Graphene is an alternative material for photodetectors owing to its unique properties. These include its uniform ab-
sorption of light from ultraviolet to infrared and its ultrahigh mobility for both electrons and holes. Unfortunately, due
to the low absorption of light, the photoresponsivity of graphene-based photodetectors is usually low, only a few mil-
liamps per watt. In this letter, we fabricate a waveguide-integrated graphene photodetector. A photoresponsivity exceeding
0.11 A-W~! is obtained which enables most optoelectronic applications. The dominating mechanism of photoresponse
is investigated and is attributed to the photo-induced bolometric effect. Theoretical calculation shows that the bolometric

photoresponsivity is 4.6 A-W~!. The absorption coefficient of the device is estimated to be 0.27 dB-pum
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Keywords: graphene photodetector, graphene bolometer, bolometric effect, waveguide integration

PACS: 81.05.ue, 85.60.Dw

1. Introduction

Graphene, one layer of carbon atoms arranged in a
hexagonal lattice, has received tremendous research interest
since its first realization.!!) Graphene-based devices, such as

[2-4] gas sensors[®! and optical modulators(®-8! ex-

transistors,
hibit a number of merits. Particularly, owing to its extremely
high mobility for both electrons and holes!”! and its uni-
form light absorption coefficient (~2.3%) over a wide range
of spectrum from ultraviolet to infrared,['%11] different kinds
of graphene-based photodetectors have been designed and
fabricated.!!>->>! The field-effect-transistor-structure graphene

s.12714] However,

photodetectors are the most common one
since the photo-generated electrons and holes can be separated
only in the vicinity of the metal leads (~ 200 nm), its photore-
sponsivity is rather low, only a few milliamps per watt.!'?] To
improve the interaction between graphene and light, micro-
cavity integrated graphene photodetectors are realized and a
responsivity of 21 mA-W~! is obtained.!?*>* However, this
type of graphene photodetector requires a rather complicated
fabrication process such as epitaxial growth of Bragg mirror
and buffer layers.[**! An alternative way to acquire high pho-
toresponsivity is a waveguide-integrated graphene photodetec-
tor, which enhances the absorption efficiency and lengthens

(251 Recently, Li

the absorption length along the waveguide.
et al. experimentally reported a maximum of absorption co-
efficient of 0.2 dB-um™~! by locating graphene directly on the
top of a waveguide.!*0! In this letter, we fabricate a waveg-
uideintegrated graphene photodetector using a wet transfer
method to transfer an individual graphene microsheet to the

specific position of a waveguide. A photoresponsivity exceed-
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ing 0.11 A-W~! is obtained which enables most optoelectronic
applications. There are several different processes that convert
photons into an electrical signal in graphene. These involve
the photovoltaic effect, the photothermoelectric effect, and the
bolometric effect. The dominating mechanism of photore-
sponse is investigated and is attributed to the photo-induced
bolometric effect. Theoretical calculation shows that the bolo-
metric photoresponsivity is 4.6 A-W~!. The absorption coef-
ficient of the device is estimated to be 0.27 dB~pm_1, which

is consistent with Li’s result.

2. Device fabrication

The device fabrication starts with a wet transfer process.
Briefly, a graphene sample is mechanically exfoliated on a
Si/Si0, substrate. Then a layer of poly (methyl methacry-
late) (PMMA) is spin-coated on the Si/SiO; substrate. Then
the PMMA membrane is released in 1 mol-L~! NaOH solu-
tion at 80 °C. The released PMMA membrane is then thor-
oughly cleaned in deionized water and dried in N, flow. Then
it is fixed to a home-made micrometer manipulator. Syn-
chronously, a standard electron-beam lithography (EBL) is
performed on the target substrate to pattern a transfer win-
dow for the graphene sample. Then the target substrate, with
a drop of deionized water on its surface, is located on the
wafer carrier of a microscope. Then the PMMA membrane
and the target substrate are brought into contact. By adjusting
the micrometer manipulator and the wafer carrier of the micro-
scope, we can align the graphene sample to the target position.
Once aligned, the whole set up is left in ambient condition
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for 12 hours. To further increase the interaction between the
graphene sample and the substrate, the substrate is baked at
120 °C for 15 minutes. Then, it is cleaned in acetone, ethanol,
and deionized water, leaving the graphene sample on the tar-
get position. The electrodes are fabricated by EBL followed
by electron-beam evaporation (EBE) of 20 nm Ti and 70 nm
Au. Finally, the device is thermally annealled in H, and Ar
mixture flow at 400 °C for 2 hours.

3. Results and discussion

A false-color top-view scanning-electron-microscope
(SEM) image of the device is shown in Fig. 1(a). The length
and width of graphene channel are 3 um and 60 wm, respec-
tively. Figure 1(b) shows the zoom-in view of the region in-
dicated by the dash box in Fig. 1(a). In the vicinity of the
waveguide there is 300-nm-wide graphene suspending in air.
Also, graphene crimples and locally bulges during the transfer
process. Figure 1(c) shows the Raman spectrum of the device
at 488 nm. The ratio of Irp /I is 1.56, indicating graphene is
single layer. The weak D peak around 1350 cm™! may result
from graphene crimps and bulges.

The light source is a DFB laser operating at 1550 nm,
amplified by EDFA and calibrated by an optical power me-
ter (10 mW). Light is coupled in and out of the waveguide
through two gratings which are designed particularly for a
wavelength of 1550 nm. The coupling coefficient of each grat-
ing is measured to be 14%, corresponding to an incident power
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of 1.4 mW in the waveguide. Figure 1(d) shows the cross-
section view of the device structure and the optical field distri-
bution in the waveguide. The optical field distribution is simu-
lated by finite-difference time-domain (FDTD) solutions. The
waveguide is designed to maximize the evanescent absorption
of graphene. The metal leads are far enough (~ 1.5 um) so
as to have negligible effects on the optical mode. All tests are
performed in ambient conditions at room temperature.

Current / as a function of bias voltage V;, with and with-
out illumination is plotted in Fig. 2(a). Unlike conventional
grapheme photodetectors,!>!3 an apparent photo-induced re-
duction in current is obtained. We attribute this phenomenon
to the graphene bolometric effect as discussed below. As
shown in Fig. 2(b), a photocurrent as high as 0.16 mA is
achieved at 1 V bias voltage, corresponding to a photorespon-
sivity of 0.11 A-W~!. There is no sign of saturation of pho-
tocurrent at 1 V bias, yet to avoid electrical breakdown V4, is
limited within 1 V.

We now move on to discuss the photoresponse mecha-
nism of the device. Generally, there are three effects that con-
tribute to the photocurrent. The first is the photovoltaic ef-
fect (PVE) where light-excited electrons and holes are driven
in opposite directions and are collected by electrodes within
their lifetime, producing the photocurrent.!>~161 However, this
is obviously not the dominant photocurrent mechanism of the
device, since if so there should be an increase rather than a
reduction of current when illuminated. Therefore the photo-
voltaic effect is negligible in our device.
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Fig. 1. (a) A false-color topview SEM image of the device, displaying graphene (purple), metal leads (yellow), unetched silicon (pink), and etched region
(green). Scale bar, 10 pm. (b) A zoom-in view of the region indicated by dash box in Fig. 1(a), showing graphene crimples and bulges. Scale bar, 200 nm.
(c) The Raman spectrum of the device at 488 nm. (d) The cross-section view of the device structure and the optical field distribution in waveguide.
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Fig. 2. (a) Current / as a function of bias voltage V;, with and without
illumination. (b) The photocurrent versus V;, curve. V is limited within
V.

The second is the photo-thermoelectric effect (PTE),
where according to the Seebeck effect, both temperature gradi-
ent and chemical potential gradient generate a thermoelectric
current.['7-201 Tn the case of our device, light absorption gener-
ates the temperature gradient perpendicular to the waveguide
and electrical bias breaks the balance of the chemical poten-
tial gradient although graphene is homogenously doped. The
photocurrent generated by PTE is determined by
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where S is the Seebeck coefficient of graphene, AT is the tem-
perature gradient, and R is the resistance. The Seebeck coeffi-

cient S is determined by the Mott formula!!®-27-28]
272
n°kgT 1 do
§=-"2B _— 2
3¢ ode’ @

where kg is Boltzmann constant, 7" is temperature, e is ele-
mentary charge, ¢ is conductivity of graphene, and € is elec-
tron energy. Assuming the heat flow as a radical wave, the
temperature gradient is determined by "]
Pa

T =k 3)

where P is incident power, ¢ is the absorption coefficient of
graphene, k¥ = 5000 W-m~!-K~! is the thermal conductivity
of single layer graphene,!?®! and d = 0.34 nm is the thickness
of graphene. Therefore AT is calculated to be 2.9 K. Taking
(S —85) = 100 wV-K~!, which is reasonable,[7-1%2728] o1
is calculated to be 0.35 pA, in opposite direction to experi-
mentally measured photocurrent and three orders of magni-
tudes smaller than the measured valve. Therefore the photo-
thermoelectric effect is not the dominant effect of the device.
The only possible explanation of our observation
is the photo-bolometric effect (PBE), where light ab-
sorption elevates the local temperature of graphene by
which
the electron-acoustic phonon

in turn en-
lead-

a reduction of

strong electron-phonon interaction,
hances scattering,

ing to an increase of resistance, i.e.,

current.[2139 Since PBE is resistance related, we thus
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Fig. 3. (a) The R-V; curve with and without illumination; (b) the resistance change induced by photo illumination as a function of bias voltage V;; (c) the
calculated Joule heating T as a function of bias voltage Vy; (d) the correlation between resistance R and Joule heating K. The bolometric effect coefficient 8

is extracted to be 25.8 Q-K~1.
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convert Fig. 2(a) into an R—V;, curve by Ohm law, as shown
in Fig. 3(a). The photo-induced resistance change dR as a
function of bias voltage V;, is shown in Fig. 3(b). When il-
It is
well known that the presence of electrical power can heat up
21,22,31,

luminated, the resistance change at 1 V is 83.3 Q.

graphene through Joule heating, ! 31 which is measured
to be 3.5 K per kW-cm~2.3% The calculated Joule heating T
as a function of bias voltage V;, is plotted in Fig. 3(c). Then we
have the correlation between Joule heating 7 and resistance
R, as shown in Fig. 3(d). The bolometric effect coefficient f3,
defined as the change in resistance dR divided by the change
in temperature d7, is extracted to be 25.8 QK !, exhibiting a
metallic transport characteristic. Then the change in tempera-
ture resulting from infrared radiation absorption d7 is 3.2 K.
According to Eq. (3), photo power absorbed by graphene is
calculated to be 34.3 uW, corresponding to a bolometric pho-

toresponsivity of 4.6 A-W~!. Simple calculation shows the

—1

absorption coefficient of the device is 0.27 dB-um™", consis-

tent with Ref. [26].

4. Conclusion

In conclusion, we have fabricated a waveguide-integrated
graphene photodetector using a wet transfer method to trans-
fer an individual graphene microsheet to the specific position
of a waveguide. A photoresponsivity exceeding 0.11 A-W~!
is obtained which enables most optoelectronic applications.
The mechanism of the photoresponse is investigated and is
attributed to the photo-induced bolometric effect. Theoreti-
cal calculation shows that the bolometric photoresponsivity is
4.6 A-W~!. The absorption coefficient of the device is esti-
mated to be 0.27 dB-pum~!.
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