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ABSTRACT

Several molecules of interest have their absorption signature in the mid-infrared. Spectroscopy is commonly used for
the detection of these molecules, especially in the short-wave infrared (SWIR) region due to the low water
absorption. Conventional spectroscopic systems consist of a broadband source, detector and dispersive components,
making them bulky and difficult to handle. Such systems cannot be used in applications where small footprint and
low power consumption is critical, such as portable gas sensors and implantable blood glucose monitors. Silicon-
On-Insulator (SOI) offers a compact, low-cost photonic integrated circuit platform realized using CMOS fabrication
technology. On the other hand, the GaSb material system allows the realization of high performance SWIR lasers
and detectors, Integration of GaSb active components on SOI could therefore result in a compact and low power
consumption integrated spectroscopic system.

In this paper, we report the study on thin-film GaSb Fabry-Perot lasers integrated on a carrier substrate. The
integration is achieved by using an adhesive polymer (DVS-BCB) as the bonding agent. The lasers operate at room
temperature at 2.02um. We obtain a minimum threshold current of 48.9mA in the continuous wave regime and
27.7mA in pulsed regime. This yields a threshold current density of 680A/cm? and 385A/cm?, respectively. The
thermal behaviour of the device is also studied. The lasers operate up to 35 °C, due to a 323 K/W thermal resistance
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1. INTRODUCTION

Shortwave-infrared spectroscopy (2-3 tm wavelength range) is particularly interesting for several applications such
as gas analysis [1], trace gas detection [2] and glucose concentration monitoring [3]. The combination band of
vibrational-rotational states of several interesting gases such as CO, CO,, CH, are located in this wavelength region,
while the interference of water absorption is relatively low.

Over the past few years, sources and detectors have been developed for these applications. GaSb-based
semiconductors have emerged as very promising materials which provide high performance, compact, single mode
lasers operating at room temperature with high output power[4](5]. On the other hand, Silicon-On-Insulator (SOT)
allows realizing highly compact integrated optical circuits [6], using a fabrication process that is CMOS compatible
[7]. Therefore, it allows high volume manufacturing with low cost. Moreover, SOI waveguide circuits are
transparent in the short-wave infrared [8], enabling the realization of the envisioned short-wave infrared photonic
integrated circuits.

Although SOI is a suitable platform for shortwave infrared photonic integrated circuits, it is not possible to be
processed into lasers and detectors due to its indirect band gap. Therefore, the heterogeneous integration of SOI and
GaSb-based compounds is highly desirable. Several works have been reported on the integration of GaSb-based
detectors on SOI with good performance [9-10]. There are to our knowledge no reports on the integration of GaSb-
based lasers on SOI, although, several demonstrations on the InP/SOI heterogeneous integration platform have been
reported [11][12].

In this paper, we report, for the first time, the heterogeneous integration of GaSb-based Fabry-Perot lasers onto a
carrier substrate, as a stepping stone towards the full integration on a SOI waveguide circuit. We will describe the
GaSb epitaxy design, the laser fabrication process and the measurement results.
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2. EPITAXY DESIGN

The epitaxy is grown by conventional solid source molecular beam epitaxy (MBE) on an n-type GaSb substrate. The
heterostructure consists of 300 nm Be-doped GaSb (1)(10]9 cm?®) as p-contact and 300 nm Te-doped GaSb (2x1018
cm™) as n-contact. A 1 pum thick AlysGag AsggrSbgss cladding layer is used on both sides of the active region
(2x10*® cm™ Be/Te doping respectively). Composition grading is performed between the contact and cladding layer
over 100nm thickness. 360 nm thick Aly,sGagsASeeSbgoes separate confinement layers (SCH) are used. The active
region is made of four 10 nm Ing4Gag7sAsp0iSbogs quantum wells separated by three 30nm thick
Aly25Gag 75A8002Sbgos barriers. InAsSb is used between the GaSb substrate and the GaSb contact layer as etch stop
layer for the bonding process. Figure 1(a) represents the band diagram of the epitaxy. The stack is designed to have
its peak emission at 2.05 um. Figure 1(b) represents its refractive index profile and fundamental optical mode
profile. The confinement factor in the QWs and in the p-cladding layer is 7.4% and 2.9% respectively. The
simulated modal loss is 1.4 cm”. The simulation is carried out using a full-vectorial 2D eigenmode expansion
method [13].
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Figure 1: (a) Energy band diagram of the laser epitaxy (b) Fundamental optical mode profile

3. FABRICATION

The fabrication of the thin-film laser can be divided into 2 parts: (a) the integration of the epitaxial material onto the
carrier wafer and (b) the laser fabrication.

3.1 Integration technology

Prior to the integration process, the epitaxial die and carrier wafer is cleaned using Acetone and Isopropanol. An InP
wafer is chosen as carrier wafer in this experiment in order to allow for easy cleaving of the Fabry-Perot lasers. The
carrier wafer is dehydrated using a bake at 150 °C. Benzocyclobutene (DVS-BCB) is then spin coated on the carrier
wafer. The thickness of the DVS-BCB layer can be adjusted by diluting the commercially available solutions with
mesitylene. After spin coating, the carrier is baked at 150 °C for 3 minutes to remove the mesitylene. The epitaxial
die is then transferred onto the carrier wafer. The sample is then baked at 250 °C for 1 hr to cure the DVS-BCB. The
GaSb growth substrate is mechanical grinded down to approximately 50 um thickness. Wet etching (CrOs:HF:H,O
1:1:3 v/v) is used to remove the rest of the substrate. Figure 2(a) shows the epitaxial film on the carrier after the
substrate removal process. With this process, it is possible to achieve bonding thicknesses down to 50nm. A
scanning electron microscope (SEM) image of the bonding interface is shown in figure 2(b).
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Figure 2: (a) optical image of the bonded device; (b) SEM image of the bonding interface

3.2 Laser fabrication

After substrate removal, the etch stop layer (InAsSb) is removed by wet etching (citric acid:H,O, 2:1 v/v). The p-
contact metallization (Ti/Pt/Au 2/35/100nm) is then deposited using electron beam evaporation. The laser mesa is
formed by wet etching using two lithography steps. Firstly, the GaSb p-contact is etched using a citric
acid:H,0,:H;P0,:H,0 mixture (55:5:3:220 v/v). The AlysGagAso07Sboos cladding is then etched using a HCl-based
mixture (HCL:H,0:H,0, 50:100:1 v/v). After a o lithography, which is required to protect the etched mesa, the
QWs and SCH region are then etched using the citric acid:H,0,:H;P0,:H,0 mixture. The n-cladding is then again
removed using the HCl-based mixture. AuGe/Ni/Au(150/60/100nm) is deposited as n-contact using a thermal
evaporator system. DVS-BCB (3022-46) is used to planarize and passivate the laser. Reactive ion etching (RIE) is
used to etch the DVS-BCB for contact via opening. 50/500nm Ti/Au is then deposited for probing. Before cleaving
the sample, the carrier is grinded down to approximately 200pm in order to accommodate the cleaving process such
that good facet is obtained. Figure 3 presents a summary of the laser fabrication process. Figure 4(a) shows a top
view optical image of the laser and figure 4(b) presents a SEM image of the facet and the cross section of the
realized device. A DVS-BCB bonding layer thickness of 730 nm is used in these experiments.
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Figure 3: process flow of the laser fabrication process
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Figure 4: (a) optical image of the cleaved laser bar (b) SEM image of one of the laser cross sections

4. MEASUREMENT RESULTS

The measurement set up consists of a Keithley 2400 for continuous wave (CW) current injection and a Lightwave
LDP-3811 current source for pulsed measurements. A Yokogawa optical spectrum analyzer is used for spectral
analysis. Light is collected using multimode fiber with a fiber diameter core of 50 um. A thermo-electric cooler is
used to control the temperature of the substrate. Laser characteristic has been measured and studied in 3 aspects:
LIV curves and the associated optical spectra, the thermal characteristics and the specific contact resistance.

4.1 LIV characteristics and laser spectrum

The measurement of the LIV curves is conducted at room temperature without temperature controller. The LIV
characteristic of a typical laser is presented in figure 5(a). The laser mesa is 15 um wide and 490 pm long. The
threshold current is 31mA in pulsed regime and 49.7mA in CW regime corresponding to a current density of 422
and 676 A/cm® respectively. The maximum output power of this component is 58uW at 77mA. The series resistance
is 14.3 Ohm. Laser spectra at different bias current are shown in figure 5(b). As we can see, the peak wavelength
shifts towards longer wavelength with the increase of bias current due to self-heating.
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Figure 5: (a) FP laser characteristic (490 um x 15 um device dimensions): (a} LIV characteristic (b) laser spectrum
at different bias current
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Figure 6: (a) Threshold current as a function of laser width (device length 690 um) (b) Threshold current density as
a function of inverse cavity length for a laser width of 25um

Figure 6(a) shows the threshold current density as a function of laser mesa width (laser cavity length: 690pm). The
increase of Jy at narrow widths indicates the increase in loss due to surface recombination, current leakage and
scattering of the laser mode at the etched sidewalls. The threshold current density is plotted as a function of the
inverse cavity length in figure 6(b) for puised operation. This results in a threshold current density of 223 Alcm? at
infinite length. This result is relative high, which is probably due to non-optimum fabrication resulting in high loss.

4.2 Thermal characteristics

Figure 7(a) represents the LI characteristic as a function of temperature. By fitting the natural logarithm of Jy as a
function of temperature as shown in figure 7(b), the T, parameter can be determined [14]. A T, of 44K is estimated.
Alternatively, the thermal resistance Ry, can also be used to assess the thermal characteristics of the laser [15]. The
thermal resistance is defined as in equation (1)
AT AL A
R =—=(3) . [1]

Ptherm AT Ptherm

where Peporm is the power consumption of the laser, AT is the temperature change of the active region and A) is the
associated change in laser emission wavelength. Figure 8(a) represents the linear interpolation of wavelength drift as
a function of temperature, when the laser is operated in pulsed regime, such that self-heating can be avoided. Figure
8(b) represents the wavelength drift as a function of power consumption. By using equation (1), the thermal
resistance is estimated to be 323K/W. This high thermal impedance, compared to traditional laser fabrication [16] is
related to the relatively thick adhesive bonding layer (660nm) used in these devices to optically isolate the laser
mode from the substrate. Given the low thermal conductivity of the adhesive bonding layer (0.3W/mK) a high
thermal impedance can be expected. Therefore, thermal management improvement is required. This is possible to
implement by adding a thermal gold shunt [17] or by increasing the thickness of the gold contact.
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Figure 7: Temperature dependent characteristics of the thin-film lasers (18 um wide and 490 um long) (a) LI
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Figure 8: Lasing wavelength change as a function of a) carrier temperature (pulsed operation, so no self-heating) b) power
consumption

4.3 Specific Contact Resistance

In order to improve current injection, assessment of the contact resistance is necessary. This is done using a
transmission line model measurement technique [18]. The deposition of the P and N contact is performed
immediately after the substrate removal and wet mesa etching process respectively. There is no surface treatment
used. By plotting the resistance as a function of the distance between 100pum by 100um contact pads, the specific
contact resistance is determined. As shown in figure 9, the specific contact resistances of the p-contact and n contact
are 4.5x10* Ohm.cm” and 20x10™ Ohm.cm? respectively. These specific contact resistances are rather high due to
the lack of surface treatment before metal deposition. Improvement is possible by using HCI or buffer HF before
contact deposition [19].
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Figure 9: Resistance measured as a function of the distance between contact pads (a) P-contact (b) N-contact

5. CONCLUSION

In conclusion, we report for the first time integrated thin film GaSb FP lasers on an InP carrier. The devices operate
at room temperature with low threshold current. While there is room for improvement in device performance, these
results bring us significantly closer to fully integrated spectrometers on chip.
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{France); Soon Fatt Yoon, Nanyang Technological Univ, (Singapore); Kin Leong
Pey, SUTD (Singapore); Jean Chazelas, Thales Airborne Systems

(FYANGCE) e visia « « vis igioci s sn <oreaimie  vi8s o e v v v v e s soeas e wmeine o [8631-40]

4:10 pm: Ultra-short channel field effect transistors based on Ge/Si core/
shell nanowires (Invited Paper), Binh-Minh Nguyen, Los Alamos National

Lab. (USA); Wei Tang, Univ. of California, Los Angeles (USA) and Los Alamos
National Lab. (USA}); Shadi A. Dayeh, S. Tom Picraux, Los Alamos National Lab.
(USA) it 5 i i o v v v v e e w00 Sadiveaamida iya . X i Q05 L g [8631-41]

4:30 pm: Tailoring of optical properties of porous nanocolumnar structures
and their device applications by oblique angle deposition (lnvited Paper),
Jae Su Yu, Jung Woo Leem, Kyung Hee Univ. (Korea, Republic of) . . . [8631-42]

4:50 pm: THz oscillations and soft parametric resonances for hot carriers
in graphene (Invited Paper), Jean-Pierre Leburton, Univ. of lllinois at Urbana-
Champaign (USA) [8631-43]
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Tuesday 5 February

OPTO PLENARY SESSION ~ f
Room: 134 (Exhibit Level) ... 8:00 am to 10:1q . .

Session Chairs : David L. Andrews, Univ. of East Anglia NOFWICh
{(United Kingdom); Aiexei L. Glebov, OptiGrate Corp. (Usa

SPIE Photonics West 2013

8:00 am: Welcome and Opening Remarks
David L. Andrews, Univ. of East Anglia Norwich (Uniteq
Kingdom)
8:05 am: Announcement of the Green Photonics Awardg v
Stephen J. Eglash, Precourt Institute for Energy, H
Stanford Univ. (USA) ]
8:10 am: Quantum optomechanics h
Markus Aspelmeyer, Vienna Ctr. for Quantum Science ".
and Technology, Univ. of Vienna (Austria). ........ I8 i
[B637.9) &
8:50 am: Group IV photonics for the mid infrared, | &
Richard Soref, Univ. of Massachusetts Boston (Usa) [8624.1; | &
9:30 am: Light in a twist: optical angular momentum, — 1%
Miles J. Padgett, Univ. of Glasgow (United Kingdom) . [8637.2] "'
See page 26 for details. ‘"
— 4
Coffee Break . ... ccoviivinnnnnrnssnsnsnnnnsas Tue 10:10 am to 10:3p am Re
M
KEYNOTE SESSION .
Room: 122 (Exhibit Level) ....... 16:30 am to 11:00 am | 1)
Session Chair: Armin Lambrecht, -
Fraunhofer-Institut flr Physikalische Messtechnik (Germany) | KR
10:30 am: On the foundational equations of the classical theory i o
of electrodynamics: applications to optomechanical sensors and ] o
actuators (Keynote Presentation), Masud Mansuripur, College of Optical | I
Sciences, The Univ. of Arizona (USA) . .......cooviinieann [8631-1_]_‘}
i
Hoe
SESSION 9 . :
Room: 122 (Exhibit Level} ..... Tue 11:00 am to 12:30 pm
Si APDs I
Session Chairs: Jong Hyeob Baek, . ! :ar
Korea Photonics Technology Institute (Korea, Republic off; B
Siamak Forouhar, Jet Propulsion Lab. (USA) o [ ot
11:00 am: Large-area CMOS SPADs with very low d_ark cuununglr:::;w | L’:
Bronzi, Federica A. Villa, Simone Bellisal, Politecnico dl_MHano [llg“ifﬂ-l :on* 1
Tisa, Micro Photon Devices S.r.l. (ltaly); Alberto Tosi, Giancarlo a}??)‘urini. | o,
Franco Zappa, Politecnico di Milano (italy); Sascha Weyers, Dﬁ”"’l Kironisoh® Pea
Werner Brockherde, Uwe Paschen, Fraunhofer-Institut fir Mikroe e 15&3144 ] Eﬁw
Schaltungen und Systeme (Germany). . .. ...oveieeenee T Lo sing" [ Dy
nse InGaas/inP J by

11:156 am: Low afterpulsing and narrow timing response Anti, Fran? g
Photon Avalanche Diode, Alberto Tosi, Fabio Acerbi, Michete (a6

Zappa, Politecnico di Milano (ltaly) . . .. .....cceeiaarrmeers { ult spet 1
or

11:30 am: A 48-pixel array of single photon avalanche d‘_"dﬁm di !.|I|-"“’l

single molecule analysis, Angelo Gulinatti, lvan Rech, Politecnic (154 1

x . icrosistem el
(italy); Piera Maccagnani, Istituto per la M.cweuemomca;hﬁlﬁn Deviceﬁé‘&fﬂ «
ok

Massimo Ghienl, Politecnico di Milano (italy) and Micro
(Italy)
11:45 am: Comparison of SiPM and PMT as detec Lot
spectrophotometry system, Robsrto Paganio, Salvatore ina
Corso, Consiglio Nazionale delle Ricerche (italy): Gmsepﬁlo jfo Sar:f_r_l o 1
Carbone, Angelo Piana, Massimo Cataldo Mazzillo, N”'}fbe.—nno. coP |55,“ X
Pier Giorgio Fallica, STMicroelectronics (Italy); Sebania - R
Nazionale delle Ricerche (ltaly) . . .......oomeszer” T ;imB‘cOr"’;’.
12:00 pm: Monolithic time-to-digital converter ch'pS;:;uremﬂ l_’;’,,n«r" IR
single-photon counting and fluorescence lifetime "‘ﬂs i, Antoni€ g
Markovic, Davide Tambeorini, Simone Bellisai, A“dre.? o8] pn!ilecn“" = :
Federica A. Villa, Giorgio Michele Padovini, Alberto 1950 0 .. _ l
ORI wornsesrsir i wvisisa-ss s as m EE R jy 8y \Jf-g |
12:15 pm: InGaAs/InP SPAD photon-co
gate-width generation and remote control.
Andrea Bahgat Shehata, Adriano Della Frera, -
Milano (Italy); Simone Tisa, Andrea Giudice, Micro
(Italy)

Lunch/Exhibition Break . . ... vvovreemness LH

....... ' |
..................................... g

fora Ll
o nbarﬂ"éE;.u

Valvo: ,r.po

FEITEIFe

e e

unting m"d"'g poll
Alberto 1~ cgllﬂ.qs_,l 41"
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