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Abstract ThephotonicAND gate based on the hybrid integration of GaA sV ertical Cavity Sur-
face Emitting L aser (V CSEL) andM etal- Insulator-San iconductor-Sw itch (M 1SS) is reported

The GaA sV CSEL isfabricated by selective etching and selective oxidation TheU Itra-T hin se-
mi- Insulating layer (UT1) in the GaA sM ISS is formed by using oxidation of A IA s,w hich is
grown by M olecular Bean Epitaxy. The accurate control of U T | thickness and the processing
compatibility between VCSEL andM ISS are lved by this grow th procedure U sing oneV C-
SEL and two M ISSs,w e have fabricated a photonic AND gate The experment results are de-

scribed This device can be applied in free-gpace optical interconnection or optical calculation

PACC: 4255P, 6855, EEACC: 0520, 432Q)
1 Introduction

V ertical-cavity surface-amitting laser (v CSEL )-based photonic sw itches and photonic
logic gates arew ell suited for applications in parallel optical processing and interconnec-
tions because of their compactness, surface-normal fomat, functional flexibility, low beam
divergence, high optical gain and contrast Recently,w ith the rgpid progressof low thresh-
old surface anitting lasers, several research groups have reported optical logic devices
based on the integration of V CSEL s and H eterojunction PhotoT ransistors,orV CSEL s and
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H eterojunction Bipolar T ransistors™?.

In this letter,w e proposed and demonstrated, for the first time, theBoolean logicAND
using V CSEL and GaA sM etal- Insulator-San iconductor-Sw itch (M 1SS). The U Itra-Thin
sani-Insulating layer (UT 1) in the GaA sM ISS is formed by using oxidation of A IA s,
w hich isgrow n by M olecularBean Epitaxy (M BE). T he accurate control of U T | layer and
the processing compatibility between VCSEL andM ISS are lved by this grow th proce-
dure If aV CSEL isoonnectedw ith woM ISSs, the integrated device can be used as apho-
tonic AND gate A low optical switching power (104W ) for an AND gate has been
achieved W e al® can fabricate photonic svitch or NOT logic gate by integrating V CSEL
and M ISS,more complex Boolean functions can be carried out by cascading sequential logic
gate arrays The hybrid integrated photonic AND gate can be applied in optical calculation
or free pace optical interconnection

2 Device design and fabr ication

2 1 Fabrication and character izations of GaA s VCSEL

The GaA s/A IGaA sV CSEL structurewas grown by MBE on an Si-doped (3x 10%
an” °) GaA s substrate The top mirror consists of a 16 periodsBe-doped (3x 10®an” °)
A IA s/A lo1Gao A sDistributed Bragg Reflector (DBR) containing A lo sGan 6A s step-layers
to reduce the series resistance asciated w ith the heterobarrier offset, followed by Be-
doped 1/2x-thick A lo2sGaosA s(3% 10 an” ®) cladding layer, an undoped 2A-thickness
GaA s active layer and a Si-doped 1/2X-thick A lo sGao 5Gao sA s (2% 10*am” °) cladding
layer, and the bottom mirror is composed of a 3Q 5 periods Si-doped (2x 10 an” ®) quar-
terwaveA IA s/A lo1Gao A sDBR.

The processing stepsof V CSEL structurew ere as follow s first, thew afer w as nonse-
lectively etched passing through p-DBR and active layer down to n-DBR, to from a 70x%
70um? squaremeasas Then the active layer,w hichw as transversely etched into 36x 36um°*
by using (NHOH+ H:02) selective olution The ratio of selective etching rates K is 35
for x=Q 16 (K = etching rate of GaA s/etching rate of A \Gav A s),when pH= 8§ 35z
0.05 Therefore, only active region w as etched Then the gace layersof A lo 2sGao 7A s and
A lo «Gan 6A sw ere nonselectively etched by using HsPO 4+ H:0:+ H:O wlution A fter that,
the wo A IA s layers adjacent to active layerw ere exposed Then, at 420 , the two exposed
A A s layers, including the A IA s layers in the p-DBR region,w ere laterally oxidized by the
H2 vapor carried by N itrogen, leaving the GaA s in active region and A IxGau- A s in DBR
region unoxidized The oxidized regions in the two A IA s layers serve as current constric-
tion layers The oxidation ratewas 1 Oum/min Therefore, after 16min of oxidation, the
current aperture of 4x 4um*was formed in the center of the active region and the un-oxi-
dized region of p-DBR was 38x 38um?”,w hich formed the conducting path It decreases the
series resistance and optical leakage from thew aveguide The polyimidew as glued to bind
mesas to enhance the mechanical strength of theV CSEL structure, and a thick patterned
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SINO layer w as deposited to isnlate devices on thew afer. A t last, the p contact wasmade
with Cr/A u and the n contact w ith A uGeN i/A u, repectively.

The IV characteristics of VCSEL are same as the 1V characteristics of the typical
diode Their forw ard voltages are about 1 2 1 4/, and the reverse breakdow n voltages
are larger than 6 OV, the series resistance are about 60 80Q, the lasing w avelength is
860nm, the typical threshold current is GnA. Theminimum threshold current is 3 8nA,
w hich is contributed to the snall current aperture (4x 4um?) on both sidesof A IA s layers
adjacent to the active region and the index w aveguide formed by the index step betw een
un-oxidized region (2 96) and oxidized region (1 6) in theA IA slayers Theoutput optical
pow ers are larger than Imw , the anglesof divergence are less than 7. 8% The rise times of
output optical pulses is estimated to be less than 100ps
2 2 Fabrication and character izations of GaAsM ISS

The structure of M ISS is shown in Fig 1 The attractive features of M ISS device in-
clude suitable current, voltage and output power levels for OEIC (Opto-Electronic Inte-
grated Circuit) , high svitch speed and high sensitivity to light or current injection In gen-
eral, on silicon substrate, dry oxidized SO2w as enployed as the U Itra-T hin sami-Insulat-
ing layer (UT 1) ofM ISS The thicknessof U T | isabout 3 5nm. Obviously, it is very dif-
ficult to control the thickness and uniform ity of U T | layer by thisoxidation procedure W e
mplanentedM ISS directly on GaA s substrate, considering the compatibility of processing
and light wavelength The epi-structure of GaA sM ISSwas grown by MBE on a p-type
GaA s substrate It consistsof a Q 5um-thick Be-doped GaA s buffer layer (1x 10an), a
1 4pm-thick Si-doped (1x 10*°am) GaA s layer and 3nm-thick A IA s layer. TheU T | of the
GaA sM ISSw as formed by using w et oxidation of theA I|A s layer, the oxidation process is
same as that was used in fabricating V CSEL. The w afer planar process consists of four
steps 1) foming U T 1A IOy layer by w et oxidation, 2) etching V -groove for electrical in-
sulation, 3) depositing patterned dielectric SNO on A O, layer, 4) evaporating top and
bottom electrodes

The performance of the device is detemined by the thickness of the structure layers
and the doping concentration The designed device works in the punchthrough mode, its
leakage current at forw ard-biased high-impedance state is given by

_ nA|gev| Y
I_ _la Z\Id ] (1)

w here ni is the intrinsic carrier concentration,A is the area of the upper electrode, T is the
lifeof minority in the surface depletion region, q is electron charge,V is the biased voltage,
N q is the dopant concentration in the n-type layer, & is the dielectric constant of the sami-
conductor.
The s itching voltageV sof M ISS (in dark) is given by
Vs= dNaWa- W)2/ 26, (2)
w hereW n is the thicknessof n-type epitaxial layer,W jis the depletion layer w idth of the p-
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n junction

T he characteristics of devices depend on U T | layer thickness Figure 1 show s the |-V
characteristics of M ISS Two stable states, a high impedance” off” state and a low
impedance’ on” state, in a certain region are evident A t the svitching point s, the sv itch-
ing voltageV sisnear 8 5/, and current 1sisQ 005mA , and at the low est holding point h,
the holding voltageVnis2 2V ,and current 1n isQ OImA , the svitching time Tis less than
Ins

Figure 2 show s the changing of V sof M ISSw ith incident optical pow er Pin T he exper-
mental variation V sw ith Pinw as obtained by directing a GaA s saniconductor laser beam
onto the light window of M ISS In Fig 2, the threshold optical pow er required to reduce
the av itchi
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Figure 1 |-V characteristicsof M ISS Figure 2 The change of swvitching voltage of
The insert is the schamatic structure of M ISS M ISSw ith the incident optical pow er

Thew avelength of incident optical is 850nm

Theoptical control sensitivity of M ISS is given by:

_
Sb_ apin. (3)

From Fig 2, in the linear region,w e get: Sb= Q 5/ /WW. But, if V «< 6.0V , the sensitiv-
ity is reduced The reason is that the incident optical pow er can not be absorbed effectively
w ithin the surface depletion region when V s is less than 6 OV. Consequently, more optical
pow er is required to switch the device This enphasizes the mportance of designing the
M ISS such that maxmum absrption of the optical radiation occursw ithin the surface de-
pletion region
2 3 Fabrication and character izations of the hybrid integrated photonic AND gate

Figure 3 show s the diagran of photonicAND gate based on the hybrid integration of
VCSEL and M ISSs and its equivalent circuit Two GaA sM ISS are connected w ith one
GaA sV CSEL. The IntegratedV CSEL M 1SS (MM ) device is biased at a voltage below V s
(V=8 5/,Vec= 7 OV ). In thedark, woM ISSsare at* off” state W hen the incident light
(A= 850nm) power is larger than 10pW , the wo M ISSs can be svitched from high-
impedance low -current” off” state to low -impedance high-current” on” state
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In Fig 3,when the incident light power is larger than 10W ,A or B-M ISS can be
sv itched on, the current flow s through theA orB-M ISS and theV CSEL can be estim ated
asfollow s

_ Vec- Vi- Vy
IA_RL+RV+RA+rA, (4)

whereVec= 7 OV ,V;= 1 & ,Vn= 2 2/, ra is the" on” state resistance of M ISS, ra =1Q,
Rv is the differential resistance of V CSEL on its lasing mode, Rv =100Q, R.= 200Q

1- =2 1- 4 1.6 1-8
S>aT-BEE eV

Figure 3 The schanatic structure of the hybrid integrated device of aV CSEL and
a GaA sM ISS and its equivalent circuit
(a) the cross section of the hybrid integrated device of V CSEL M ISS,
(b) the equivalent circuit of* AND” gate

For perform ing the AND logic, 1a and Ie should be given by:

la= lg< I
(5
la+ 18> In
or.
1/2ln< la= lg< In (6)

U sing typical values given above, we get 265Q< Ra< 832Q and 3 OmA < Ia (or Is) <
6.0mA. In this case, only oneM ISS (A or BM ISS) is svitched on by the incident light
(Pin> 10pW ), the current through theV CSEL is less than its threshold current There-
fore, the VCSEL is in a light-anitting-diode mode w ith snall optical output W hen two
M ISSs are sv itched on by the incident light

. Table1 The truth table of the photonic logic AND
at the sane time, the current flow through

the VCSEL is Ia+ ls,which is larger than —2 (AMISS)  PeBMISS)  PoulVCSH)
the threshold current And the VCSEL is 0 0 0
driven to lasing This constitutes the pho- 0 ! 0
tonic logicAND function The truth table of ! 0 0

1 1 1

the photonic logic AND is shown in Table
1
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A proposed monolithic version of devices is under studying The MM devices can be
processed by standard IC processes and selective etching T he operation of a two-dimen-
sional array of themonolithic MM devices requiresonly two electrical w ires for one com-
mon electrical bias The third wire (input data from previous MM devices) will be sup-
plied in the form of a laser bean array. T herefore, the electrical system integrationw ill be
smple A nd theoptical system will al be simple and robust

3 Conclusion

In summary,w e have damonstrated a photonic AND gate based on the integration of
GaA sVCSEL andM ISS devices The GaA sV CSEL is fabricated by selective etching and
selective oxidation TheU T | of the GaA sM ISS isformed by using oxidation of A IA s that
isgrovn by MBE The accurate control of U T | thickness and the processing compatibility
between VCSEL and M ISS are nlved by this procedure U sing one VCSEL and two
M ISSs,w e constructed a photonic AND gate The experiment results are discribed This
device can be applied in optical calculation or free-gace optical interconnection A pro-
posed monolithic version of MM devices is under studying
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