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Abstract　T he pho ton ic AND gate based on the hyb rid in tegrat ion of GaA s V ert ical Cavity Su r2
face Em itt ing L aser (V CSEL ) and M etal2In su lato r2Sem iconducto r2Sw itch (M ISS) is repo rted.

T he GaA s V CSEL is fab ricated by select ive etch ing and select ive ox idat ion. T he U ltra2T h in se2
m i2In su lat ing layer (U T I) in the GaA s M ISS is fo rm ed by using ox idat ion of A lA s, w h ich is

grow n by M o lecu lar Beam Ep itaxy. T he accu rate con tro l of U T I th ickness and the p rocessing

compatib ility betw een V CSEL and M ISS are so lved by th is grow th p rocedu re. U sing one V C2
SEL and tw o M ISSs, w e have fab ricated a pho ton ic AND gate. T he experim en t resu lts are de2
scribed. T h is device can be app lied in free2space op tical in terconnection o r op tical calcu lat ion.

PACC: 4255P, 6855; EEACC: 0520, 4320J

1　 In troduction

V ert ica l2cavity su rface2em it t ing laser (V CSEL ) 2based pho ton ic sw itches and pho ton ic

log ic ga tes are w ell su ited fo r app lica t ion s in para llel op t ica l p rocessing and in terconnec2
t ion s becau se of their com pactness, su rface2no rm al fo rm at, funct iona l f lex ib ility, low beam

divergence, h igh op t ica l ga in and con trast. R ecen t ly,w ith the rap id p rogress of low th resh2
o ld su rface em it t ing lasers, severa l research group s have repo rted op t ica l log ic devices

based on the in tegra t ion of V CSEL s and H etero junct ion Pho toT ran sisto rs, o r V CSEL s and



H etero junct ion B ipo lar T ran sisto rs[ 1, 2 ].

In th is let ter,w e p ropo sed and dem on stra ted, fo r the first t im e, the Boo lean log ic AND

u sing V CSEL and GaA s M eta l2In su la to r2Sem iconducto r2Sw itch (M ISS). T he U ltra2T h in

sem i2In su la t ing layer (U T I) in the GaA s M ISS is fo rm ed by u sing ox ida t ion of A lA s,

w h ich is grow n by M o lecu lar Beam Ep itaxy (M BE). T he accu ra te con tro l of U T I layer and

the p rocessing com pat ib ility betw een V CSEL and M ISS are so lved by th is grow th p roce2
du re. If a V CSEL is connected w ith tw o M ISSs, the in tegra ted device can be u sed as a pho2
ton ic AND gate. A low op tica l sw itch ing pow er ( 10ΛW ) fo r an AND gate has been

ach ieved. W e also can fab rica te pho ton ic sw itch o r NO T logic ga te by in tegra t ing V CSEL

and M ISS,m o re com p lex Boo lean funct ion s can be carried ou t by cascad ing sequen t ia l log ic

ga te arrays. T he hyb rid in tegra ted pho ton ic AND gate can be app lied in op t ica l ca lcu la t ion

o r free space op t ica l in terconnect ion.

2　D ev ice design and fabr ica tion

2. 1　Fabr ica tion and character iza tion s of GaA s VCSEL

T he GaA söA lGaA s V CSEL structu re w as grow n by M BE on an Si2doped (3×1018

cm - 3) GaA s sub stra te. T he top m irro r con sists of a 16 periods Be2doped (3×1018 cm - 3 )

A lA söA l0. 1Ga0. 9A s D istribu ted B ragg R eflecto r (DBR ) con ta in ing A l0. 4Ga0. 6A s step 2layers

to reduce the series resistance associa ted w ith the heterobarrier offset, fo llow ed by Be2
doped 1ö2Κ2th ick A l0. 25 Ga0. 75A s ( 3×1018 cm - 3 ) cladd ing layer, an undoped 2Κ2th ickness

GaA s act ive layer and a Si2doped 1ö2Κ2th ick A l0. 25 Ga0. 75 Ga0. 75A s (2×1018 cm - 3) cladd ing

layer, and the bo t tom m irro r is com po sed of a 30. 5 periods Si2doped (2×1018cm - 3) quar2
ter2w ave A lA söA l0. 1Ga0. 9A s DBR.

T he p rocessing step s of V CSEL structu re w ere as fo llow s: f irst, the w afer w as non se2
lect ively etched passing th rough p 2DBR and act ive layer dow n to n2DBR , to from a 70×

70Λm 2 square m easas. T hen the act ive layer,w h ich w as tran sversely etched in to 36×36Λm 2

by u sing (N H 4OH + H 2O 2) select ive so lu t ion. T he ra t io of select ive etch ing ra tes K is 35

fo r x Ε 0. 16 (K = etch ing ra te of GaA söetch ing ra te of A lx Ga1- xA s) , w hen pH = 8. 35±

0105. T herefo re, on ly act ive reg ion w as etched. T hen the space layers of A l0. 25Ga0. 75A s and

A l0. 4Ga0. 6A s w ere non select ively etched by u sing H 3PO 4+ H 2O 2+ H 2O so lu t ion. A fter tha t,

the tw o A lA s layers ad jacen t to act ive layer w ere expo sed. T hen, a t 420℃, the tw o expo sed

A lA s layers, includ ing the A lA s layers in the p 2DBR region,w ere la tera lly ox id ized by the

H 2O vapo r carried by N itrogen, leaving the GaA s in act ive reg ion and A lx Ga1- xA s in DBR

region unox id ized. T he ox id ized reg ion s in the tw o A lA s layers serve as cu rren t con stric2
t ion layers. T he ox ida t ion ra te w as 1. 0Λm öm in. T herefo re, after 16m in of ox ida t ion, the

cu rren t apertu re of 4×4Λm 2 w as fo rm ed in the cen ter of the act ive reg ion and the un2ox i2
dized reg ion of p 2DBR w as 38×38Λm 2,w h ich fo rm ed the conduct ing path. It decreases the

series resistance and op t ica l leakage from the w avegu ide. T he po lyim ide w as glued to b ind

m esas to enhance the m echan ica l st reng th of the V CSEL structu re, and a th ick pat terned
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SiNO layer w as depo sited to iso la te devices on the w afer. A t last, the p con tact w as m ade

w ith C röA u and the n con tact w ith A uGeN iöA u, respect ively.

T he I 2V characterist ics of V CSEL are sam e as the I 2V characterist ics of the typ ica l

d iode. T heir fo rw ard vo ltages are abou t 1. 2～ 1. 4V , and the reverse b reakdow n vo ltages

are la rger than 6. 0V , the series resistance are abou t 60～ 808 , the lasing w avelength is

860nm , the typ ica l th resho ld cu rren t is 6mA. T he m in im um th resho ld cu rren t is 3. 8mA ,

w h ich is con tribu ted to the sm all cu rren t apertu re (4×4Λm 2) on bo th sides of A lA s layers

ad jacen t to the act ive reg ion and the index w avegu ide fo rm ed by the index step betw een

un2ox id ized reg ion (2. 96) and ox id ized reg ion (1. 6) in the A lA s layers. T he ou tpu t op t ica l

pow ers are la rger than 1mW , the angles of d ivergence are less than 7. 8°. T he rise t im es of

ou tpu t op t ica l pu lses is est im ated to be less than 100p s.

2. 2　Fabr ica tion and character iza tion s of GaA sM ISS

T he structu re of M ISS is show n in F ig. 1. T he a t t ract ive fea tu res of M ISS device in2
clude su itab le cu rren t, vo ltage and ou tpu t pow er levels fo r O E IC (Op to2E lectron ic In te2
gra ted C ircu it) , h igh sw itch speed and h igh sen sit ivity to ligh t o r cu rren t in ject ion. In gen2
era l, on silicon sub stra te, d ry ox id ized SiO 2 w as em p loyed as the U ltra2T h in sem i2In su la t2
ing layer (U T I) of M ISS. T he th ickness of U T I is abou t 3～ 5nm. O bviou sly, it is very d if2
f icu lt to con tro l the th ickness and un ifo rm ity of U T I layer by th is ox ida t ion p rocedu re. W e

im p lem en ted M ISS direct ly on GaA s sub stra te, con sidering the com pat ib ility of p rocessing

and ligh t w avelength. T he ep i2st ructu re of GaA s M ISS w as grow n by M BE on a p 2type

GaA s sub stra te. It con sists of a 0. 5Λm 2th ick Be2doped GaA s buffer layer (1×1019cm ) , a

1. 4Λm 2th ick Si2doped (1×1016cm ) GaA s layer and 3nm 2th ick A lA s layer. T he U T I of the

GaA s M ISS w as fo rm ed by u sing w et ox ida t ion of the A lA s layer, the ox ida t ion p rocess is

sam e as tha t w as u sed in fab rica t ing V CSEL. T he w afer p lanar p rocess con sists of fou r

step s: 1) fo rm ing U T I A lxO y layer by w et ox ida t ion, 2) etch ing V 2groove fo r electrica l in2
su la t ion, 3) depo sit ing pat terned dielectric SiNO on A lxO y layer, 4) evapo ra t ing top and

bo t tom electrodes.

T he perfo rm ance of the device is determ ined by the th ickness of the structu re layers

and the dop ing concen tra t ion. T he designed device w o rk s in the punch th rough m ode, its

leakage cu rren t a t fo rw ard2b iased h igh2im pedance sta te is g iven by

I =
n iA
Σg

qΕsV
2N d

1ö2

, (1)

w here n i is the in trin sic carrier concen tra t ion,A is the area of the upper electrode, Σg is the

life of m ino rity in the su rface dep let ion reg ion, q is electron charge,V is the b iased vo ltage,

N d is the dopan t concen tra t ion in the n2type layer, Εs is the d ielectric con stan t of the sem i2
conducto r.

T he sw itch ing vo ltage V s of M ISS (in dark) is g iven by

V s = qN d (W n - W j) 2ö2Εs, (2)

w here W n is the th ickness of n2type ep itax ia l layer,W j is the dep let ion layer w id th of the p 2
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n junct ion.

T he characterist ics of devices depend on U T I layer th ickness. F igu re 1 show s the I 2V
characterist ics of M ISS. Tw o stab le sta tes, a h igh im pedance “off” sta te and a low

im pedance“on”sta te, in a certa in reg ion are eviden t. A t the sw itch ing po in t s, the sw itch2
ing vo ltage V s is near 8. 5V , and cu rren t I s is 0. 005mA , and at the low est ho ld ing po in t h ,

the ho ld ing vo ltage V h is 2. 2V , and cu rren t I h is 0. 01mA , the sw itch ing t im e Σ is less than

1n s.

F igu re 2 show s the changing of V s ofM ISS w ith inciden t op t ica l pow er P in. T he exper2
im en ta l varia t ion V s w ith P in w as ob ta ined by direct ing a GaA s sem iconducto r laser beam

on to the ligh t w indow of M ISS. In F ig. 2, the th resho ld op t ica l pow er requ ired to reduce

the sw itch ing vo ltage to 90% of its in trin sic va lue is 6ΛW.

F igu re 1　I 2V characterist ics of M ISS

T he insert is the schem atic structu re of M ISS

F igu re 2　T he change of sw itch ing vo ltage of

M ISS w ith the inciden t op tical pow er

T he w avelength of inciden t op tical is 850nm

T he op t ica l con tro l sen sit ivity of M ISS is g iven by:

S b =
9V s

9P in
. (3)

　　F rom F ig. 2, in the linear reg ion,w e get: S b= 0. 5V öΛW. Bu t, if V s< 610V , the sen sit iv2
ity is reduced. T he reason is tha t the inciden t op t ica l pow er can no t be ab so rbed effect ively

w ith in the su rface dep let ion reg ion w hen V s is less than 6. 0V. Con sequen t ly, m o re op t ica l

pow er is requ ired to sw itch the device. T h is em phasizes the im po rtance of design ing the

M ISS such tha t m ax im um ab so rp t ion of the op t ica l rad ia t ion occu rs w ith in the su rface de2
p let ion reg ion.

2. 3　Fabr ica tion and character iza tion s of the hybr id in tegra ted photon ic AND ga te

F igu re 3 show s the d iagram of pho ton ic AND gate based on the hyb rid in tegra t ion of

V CSEL and M ISSs and its equ iva len t circu it. Tw o GaA s M ISS are connected w ith one

GaA s V CSEL. T he In tegra ted V CSEL öM ISS ( IVM ) device is b iased a t a vo ltage below V s

(V s= 8. 5V ,V EC= 7. 0V ). In the dark, tw o M ISSs are a t“off”sta te. W hen the inciden t ligh t

( Κ= 850nm ) pow er is la rger than 10ΛW , the tw o M ISSs can be sw itched from h igh2
im pedance low 2cu rren t“off”sta te to low 2im pedance h igh2cu rren t“on”sta te.
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In F ig. 3, w hen the inciden t ligh t pow er is la rger than 10ΛW , A o r B 2M ISS can be

sw itched on, the cu rren t f low s th rough the A o r B 2M ISS and the V CSEL can be est im ated

as fo llow s:

IA =
V EC - V j - V h

R L + R V + R A + rA
, (4)

w here V EC = 7. 0V , V j= 1. 4V , V h = 2. 2V , rA is the“on”sta te resistance of M ISS, rA µ 18 ,

R V is the d ifferen t ia l resistance of V CSEL on its lasing m ode, R V µ 1008 , R L = 2008.

F igu re 3　T he schem atic structu re of the hyb rid in tegrated device of a V CSEL and

a GaA sM ISS and its equ ivalen t circu it

(a) the cro ss section of the hybrid in tegrated device of V CSEL öM ISS,

(b) the equivalen t circu it of“AND”gate.

Table 1　T he tru th tab le of the pho ton ic logic AND

PA (A 2M ISS) PB (B2M ISS) P out (V CSEL )

0 0 0

0 1 0

1 0 0

1 1 1

　　Fo r perfo rm ing the AND logic, IA and IB shou ld be given by:

IA = IB < I th

IA + IB > I th

(5)

o r:

1ö2I th < IA = IB < I th. (6)

U sing typ ica l va lues g iven above, w e get 2658 < R A < 8328 and 3. 0mA < IA (o r IB ) <

610mA. In th is case, on ly one M ISS (A o r B 2M ISS) is sw itched on by the inciden t ligh t

(P in > 10ΛW ) , the cu rren t th rough the V CSEL is less than its th resho ld cu rren t. T here2
fo re, the V CSEL is in a ligh t2em it t ing2diode m ode w ith sm all op t ica l ou tpu t. W hen tw o

M ISSs are sw itched on by the inciden t ligh t

a t the sam e tim e, the cu rren t f low th rough

the V CSEL is IA + IB , w h ich is la rger than

the th resho ld cu rren t. A nd the V CSEL is

driven to lasing. T h is con st itu tes the pho2
ton ic log ic AND funct ion. T he tru th tab le of

the pho ton ic log ic AND is show n in T ab le

1.
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　　A p ropo sed m ono lith ic version of devices is under studying. T he IVM devices can be

p rocessed by standard IC p rocesses and select ive etch ing. T he opera t ion of a tw o2dim en2
siona l array of the m ono lith ic IVM devices requ ires on ly tw o electrica l w ires fo r one com 2
m on electrica l b ias. T he th ird w ire ( inpu t da ta from p reviou s IVM devices) w ill be sup2
p lied in the fo rm of a laser beam array. T herefo re, the electrica l system in tegra t ion w ill be

sim p le. A nd the op t ica l system w ill a lso be sim p le and robu st.

3　Conclusion

In summ ary, w e have dem on stra ted a pho ton ic AND gate based on the in tegra t ion of

GaA s V CSEL and M ISS devices. T he GaA s V CSEL is fab rica ted by select ive etch ing and

select ive ox ida t ion. T he U T I of the GaA sM ISS is fo rm ed by u sing ox ida t ion of A lA s tha t

is grow n by M BE. T he accu ra te con tro l of U T I th ickness and the p rocessing com pat ib ility

betw een V CSEL and M ISS are so lved by th is p rocedu re. U sing one V CSEL and tw o

M ISSs, w e con structed a pho ton ic AND gate. T he experim en t resu lts a re d iscribed. T h is

device can be app lied in op t ica l ca lcu la t ion o r free2space op t ica l in terconnect ion. A p ro2
po sed m ono lith ic version of IVM devices is under studying.
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