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Logic gates and optical switching with vertical-cavity surface-emitting lasers
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We show that an index—and gain—qguided vertical-cavity surface-emitting laser with a square-shaped active
region can operate as a bistable laser with the two Gauss-Hermite modeg 8BMTEM,; . Optical switch-
ing from one mode to the other upon injection of appropriate Gaussian pulses is numerically investigated; the
switching energy can be as small as 30 fJ and the process is completed in a time of the order of a few
nanoseconds. We demonstrate the possibility of using the laser as a logic gate@®ktbe, NOT type. Carrier
diffusion increases laser threshold and the size of the bistability domain, and it reduces both switching time and
switching energy[S1050-294{@6)06812-4

PACS numbds): 42.65.Pc, 42.79.Ta

I. INTRODUCTION Yet, even the crudest attempt to model transverse effects
in VCSELSs, which consists in a rate equation model which
The last decade witnessed the development of the field dikes into account the band structure of the energy levels by
transverse nonlinear opti¢§,2], which studies the phenom- means of the introduction of the phenomenological linewidth
ena of spontaneous pattern formation and transformatioenhancement factar [15], showed that the behavior of VC-
which occur in the structure of the electric field in the planesSELs is very different from that of gas lasers, which can be
orthogonal to the direction of propagation, when the radiadescribed by the standard Maxwell-Bloch equations for two-
tion interacts with nonlinear optical media. Spontaneous pateve| atoms.
tern formation in nonlinear optics has been demonstrated in |t ijs known that in class-A lasers, and in class-B lasers
Kerr systemd3], in lasers[4], in photorefractive oscillators ynder conditions of resonance between the gain line and the
[5], in liquid crystals [6], in liquid-crystals-light valves cayity, the doughnut modes are always stable for every
(LCLV) [7], and in atomic vaporg8]. A more complete list  ¢hoice of the parametefd8]. In the simple model of16]
of references can be found [8]. VCSELSs turn out to be mathematically equivalent to class-B

The fas; e evglution in _optical systems m"’?kes. tranS1asers with a normalized atomic detuning equahktoSince
verse nonlinear optics potentially useful for applications to, ranges normally from 3 to B15], the correspondence is

information processing. In this perspective the phenomenon . . . . S
of “spatial multistability” is of great relevancé10,11. It with class-B lasers with large atomic detuning. For this kind

consists in the capability, displayed by several kinds of Ia_of laser the doughnut modes are unstable almost everywhere

sers, of emitting beams with different spatial configurationsnd thé most common situation is that in which the laser

under the same parametric conditions. This situation is quitd®velops undamped oscillations. However, dor 1 a stabil-
different from standard optical bistability, where the stableity domain for modes TEM, and TEM, exists in the pa-
states differ only for the emitted power. On the contrary, infameter spacgl6].
spatial multistability the total emitted power for the different ~ The latter result was quite surprising, because previously
stable states is usually almost the same. The different statéiswas believed that modes TEM or TEMy, could be sta-
can be distinguished only on the basis of the field spatiabilized only by a breaking of the cylindrical symmefr9]
configuration. which favors one of the two. Therefore bistability between
The simplest case of multistability is represented by bistathese two modes was excludagbriori. In VCSELS, instead,
bility of the two lowest-order doughnut modes, which hasit is possible to obtain bistability between TEl and
been experimentally demonstrated in a He—Ne 148&f.  TEM, by considering an active region of a square instead of
Application to optical switching has been reported(18],  a circular sectioni16].
where it has been shown that the bistable laser can switch From the point of view of applications this kind of bista-
from one to the other doughnut mode by injection of anbility is even preferable to bistability between doughnut
external field whose intensity is very small, compared withmodes, because it allows us to obtain switching using
that of the slave laser. Gaussian-shaped control beams, and to realize logic gates.
Our first aim, when we started working on this research,These are precisely the issues that we want to analyze in this
was to simply extend the results (3] to a class of lasers paper. A sketchy account of this research was provided in
such as VCSELs(vertical-cavity surface-emitting lasers [17]; here we give a detailed discussion of the physical as-
[14] which are much more suitable for practical applications,sumptions and a complete description of the analytical and
because of their small dimensions and fast response. numerical treatment. In addition, we introduce a necessary
completion of our model by including also carrier diffusion
in the transverse plane.
*FAX: +39-2-2392712; Electronic address: prati@milano.infn.it  In Sec. Il we introduce the model for an index—and
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light larger than on the edge. Thus any VCSEL is unavoidably
weakly index guiding.

We model weak index guiding assuming that, indepen-

l ” l current dently of the modes which are activated, the refractive index

has a parabolic profile in the transverse plane

Bragg reflector 2

2
nz(x,y)zné(l— :Zy ) (2.2

uantum wells Ve Parabolic
4 index profile with h much larger than the transverse dimension of the

laser, in such a way that the variation of the refractive index
from axis to edge is small. We have chosen a parabolic pro-
file among all the possible ones because with this choice
Gaussian modes are exact solutions of the paraxial wave. A
substrate different choice would only introduce big mathematical dif-
ficulties, but no relevant physical differences. Gauss-Hermite
modes are labeled by the indicasandn and they are de-
scribed by the functiongl6]

Bragg reflector

FIG. 1. Schematic representation of the laser.

. z
gain—guided VCSEL and in Sec. lll we summarize the ana- Amn(X,Y,2) =Amn(X,y)eXF{ —i(m+n+ 1)5}, (2.2a
lytical results obtained ifi16]. Numerical simulations of op-
tical switching of modes TE!\{b and TEMg, are presented in N, x2+y? X y
Sec. IV, where the essential role of detuning between the A, (X,y)= expg — >—|Hm V2—|H,| V2=,
injecting laser and the slave laser is also discussed. In Sec. V Wo Wo Wo

we suggest a scheme for the realizatiomoR, OR, andNOT (2.2b
gates based on the bistable VCSEL. The effects of carriewhereNmn:(wm!mzmm—l)—l/z is a normalization term.

diffusion are discussed in Sec. VI. Section VIl is devoted t0The peam waistw, of the fundamental Gaussian mode
the concluding remarks and to the discussion of the limits ofrg\ wois related to the index-guiding parameteand to the

the model. wavelength\ inside the material by Eq16]
Il. THE MODEL Ah)| 12

Let us consider the VCSEL schematically represented in

Fig. 1. The Cartesian reference framey(,2) is oriented in  Thereforeh plays the same role as the Rayleigh length in an
such a way that light propagates alongd. is the length of  gnen resonator with spherical mirrors. The frequency of
the cavity, considering the penetration inside the Bragg rep,qde m,n) is

flectors with reflectivityR and transmissivitf =1—R; L5 is

the thickness of the active region a8ds the cross section of c

the laser, whose actual shape is not important because we “’qu@

will assume that the cross section of the active region is

much smaller than laser cross section. Typical values ar@ghere q is the longitudinal index. Modes with the same

L=2pum,La=0.05 um, S=100um?, andR>0.99. If the  value ofm+ n but different values ofn andn are degenerate

active material is GaAs, the wavelength inside the material isn frequency. According to Eq2.4) the transverse frequency

A=0.24 um. Thus, the cavity volum¥=SL=200um? is spacing is

much larger thar\®, and microcavity effects, such as the

influence of spontaneous emission on lasing threshold, can A _ < 2

be neglected. “T"hng @9
Because of their geometry VCSEL's, unlike conventional

edge-emitting semiconductor lasers, are able to emit Gaus&quations(2.3) and(2.5) give two independent estimates of

Laguerre or Gauss-Hermite modes, as reported in severle unknown index-guiding parameten. Their self-

experiment$20—24. The spatial profile and frequency spec- consistency is a check of the validity of the model. For in-

trum of the observed modes is not different from that of astance, by puttingvy=3 um and\=0.24 um in Eq. (2.3

conventional Fabry-Ret laser with spherical mirrors in the we obtainh=117 um, which, substituted in E¢2.5) with

near planar configuratior(transverse frequency spacing ny=3.5, yieldsAw/(27)=117 GHz, in agreement with

much smaller than longitudinal frequency spagintn a  reported values. Note th&®>S is in agreement with our

Fabry-Peot resonator the wave-front curvature of Gaussianinitial assumptions.

modes is induced by spherical mirrors. In a VCSEL mirrors  The very short cavity length of a VCSEL implies that in

are replaced by Bragg reflectors and the wave-front curvaturthis kind of laser only one longitudinal mode is active. Thus,

can be explained in terms of variations of the refractive indexve can safely introduce in our model the single longitudinal

in the transverse plane, due to thermal gradients. The refracrode approximation. On the other hand, the very high re-

tive index on laser axis, where the temperature is higher, iflectivities and the smallness of the active region ensure the

L

wq+ H(m+n+1) , (2.4




692 F. PRATI, M. TRAVAGNIN, AND L. A. LUGIATO 55

validity of the mean-field limit, in which the dependence onreflectivities may be as large as 0.1, two orders of magnitude
the longitudinal coordinate can be neglected and the for- larger than in a conventional edge-emitting laser.
ward and backward fields have the same value. Note that this The other parameters are the linewidth enhancement fac-
assumption is often made also for edge-emitting lasers, eveor o and the transverse frequency spacing between mode
if in that case it is less justified, because the reflectivities arém,n) and the fundamental Gaussian mode
much smaller than 1.

We consider then a single electric field with a slowly amn= (Wgmn™ @q00) Tp - (2.10
varying envelopeF(x,y,t) and expand it in terms of the

modesA., (X.y) In a gain-guided VCSEL, the injected current is confined in

the transverse direction, usually by ion implantation. The

cross section of the active region is smaller than the cross

F(x,y,t)=2 Ann(XY) Fmn(t). (2.6 section of the laser. This feature is represented in our model
mn by the functiony(x,y), which is the normalized transverse

The other dynamical variable is the appropriately renormalproflle of the injected current

ized carrier density aLaNg
x(y)=—

(2.11

(X,
(x.y) _1}

alp lo
D(x,y,t)= T[N(x,y,t)— Nol, (2.7 ' . o
I is the current necessary to achieve transparency and it is

whereN(x,y,t) is the total carrier densit, the transpar- related to the transparency carrier densdlgyby the equation

ency value Ny=2x10"® cm~3), a the gain coefficient 9.V N,
(a=3x10 % cm?). The complex mode amplitudés,, and i (2.12
carrier densityD obey the amplitude rate equatiofiso] '

whereq, is the electron charge.

dfmn: _ = : (1 We consider the case in which the cross section of the
(I+iamp)fmn—(1—ia) X S . e .
dt Tp active region is a square of sitg. The injected current is
. . equal to a certain value>1, inside the square and it van-
Xf dxf dyAmnDF}, (2.89  ishes outside. Then, the functignis
aLaNg| |1
n= —=1 IxLlyl=la2,
D 1 5 - T o
—=——[D(1+[F|*)—x(x,y)—I5ViD]. (2.8b X= (2.13
&t Tr aLANO
po=——5— [XLIY[>1a2.

In the last equation we neglected both diffusion and grating

in the longitudinal direction, assuming that the effect of lon-1,o termu, represents absorption in that part of the quan-
gitudinal diffusion is just to wash up any grating in the 1on- ym we|l which is not traversed by the injected current. How-
gitudinal profile of carrier density. _ __ever, we have seto=0, while keepingu#0. In this way

It _must be noted that in real devices the act|ve_reg_|0r\Ne neglect absorption in the quantum well as well as we
consists of a small number of quantum wells and d'ﬁus'onneglect it in the region between the quantum well and the
can act only ir)side thg sipgle well. Therefore.the Iongitudinngragg reflectors. This assumption allows us to simplify the
profile of carrier density is constant in the single well but it 5o \vtic calculations, without changing significantly the final
assumes, in general, different values for each well. To avoigeg 15 Actually, the main effect of absorption is to increase
this complication we consider a single quantum well of,yq 5qer thresholg,,, , but this is quite irrelevant, since we

equivalently, we neglect this variation assuming that the Proaypress our results in terms of the rafid g, which is

file of a carrier density is constant along the whole aCtiV%ndependent of the actual valyay, . We will again discuss
region. This is consistent with the assumptions of a uniform[hiS point in the final section hr-

field model. ; ; ;

On the other hand, we tpok .into account diffusion in theIat(i,:(;)t[éutohe(?th?gsrh?)?én;i?zz;?lb?fﬁé ggj;t?g}r?h’ IS re
transverse plandj is the diffusion length. In other words,
we say that Ly<lp=<wg, with L,=0.05um and
wo=3 um. The time scales of the dynamical systéx8a lthe=1o
are the photon lifetime

1+ . (2.14

aLANOlu"[hr

The particular value of,,, depends on the laser geometry

_2noL (2.9 and on the shape of the active modes, as is shown in Sec. Ill.

o=
PeT

d th binati . If —35 L=2 Ill. STABILITY DOMAINS OF STATIONARY SOLUTIONS
and the recombpination time . If we setny=3.5,L=2um NEGLECTING CARRIER DIFFUSION

and T=0.0025, we obtainr,=20 ps. The recombination

time, which is usually taken as 1 ns, is known to become We are interested in the case in which only the two modes
smaller when laser action starts, reaching values as small &, and Ay; belonging to the frequency degenerate family
0.2 ng[27]. Thus, the ratior, /7, in a VCSEL with very high  m+n=1 are active. This condition can be obtained by put-
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ting a small absorbing or metallic dot on the laser axis to
suppress the fundamental Gaussian mode §&And a win-

dow of appropriate size on the top surface to cut the higher-
order modes. We take as a reference frequency the common
frequency of familym+n=1 properly pulled by the quan-

tity a/7,. The dynamical equations of the laser, neglecting
diffusion (Ip=0), are then TEM TEM D

10 01 .
dflO 1 . [ * e ]
Gt - 7 Qi) fio— f dxf dyADF |, FIG. 2. Intensity distribution of TEMy, TEM,,, and doughnut
P » " / modes in the transverse plane.
(3.13
dfo]_ 1 [ foc fm ] AlO_iAOl 2 X_|y ;{ 2+y2
—=——(1-i fo1— dx d DF|, DGH_(X,y)=—— ex —_—
dt Tp( a)_ I | (x.y) 2 T wi w5
(3.1b (3.6b
) The transverse intensity distributions of modes TiMnd
i 7[D(1+|F| )= x(X, )1, (3.10  TEM,, and doughnut modes are shown in Fig. 2.
' The field intensity| 12 of the stationary solutions can be
with calculated for any value of the pump parameteraind |
using the integral equation
F(X,Y,1) = AdX,Y) F1o(t) + Agi(X,y) for(t)  (3.2) ,
. fA/Zd fA/Z gyl @7
and # 02 W 1+|9(X,y)|2|f3t|2’ '

(3.3  Whereg(x,y) denotes anyone of the possible mode functions
AlO’ AOll Ber andDGH+ .

The laser thresholg,,, is obtained by puttingfs{2=0
in Eq. (3.7). It turns out to be the same for the three kinds of
stationary solutions and it depends only on the normalized

size of the active regiogy=1,/wq
2 ¥ ¥
wJ"( ﬁ)J( ﬁ)
As shown in[16] there are three kinds of stationary solu-

tions: (@ The pure moded\,, (f3;=0) and Ay, (f55=0)
with nodal lines coincident, respectively, with tieaxis and 0.08 — T T T T T T
thex axis.(b) The same modes rotated lay4, in such a way r y
that the nodal lines coincide with the diagonals of the 5or B, 7
pumped square. The mode amplitudes are such that
f35=TfS, f51= = fS' The stationary field can then be written
as FSt— Blyzfst where the modeB, andB, are defined as

1/22X % X2+y2

2
i =[ 7] o

1/22 X2+ 2
y [{— Y (3.3

Agi(X,y)= (77) Wgex Wg

The stationary solutions of Eq€3.1) are obtained by setting .
the time derivatives equal to zero. One has in general

Mthr = ’ (38)

FSX,Y) = Ago(X,Y) T30+ Agi(X,Y) 35 (3.4)
with

0.0 [ -

At A 2 x+y x2+y?
Bi(x,y)= 10\/— = ENERT F{_T’ (3.53

0
Ag—Aps 2 X—y x2+y?
Bz(x,y)=T \/_—2—ex T . (3.5b

0

In the following we will call TEM,q the modeB; and i DCH B,
TEM ; the modeB,. (c) The two doughnut modes with posi- R S 1
tive and negative helicity for whichjg=fS',f3;= +ifS. The i )
stationary field isFS'=DGH., !, with the doughnut modes
DGH. defined by ' o ' oy

FIG. 3. Stability domains of the solutio@GH.., TEM,, and

TEMy, in the plane ¢, 8). The dashed line represents laser thresh-
(3.63 old.

AgtiA 2 Xx+i X2+ y?
DGH, (x.y)= 107 Ao y F{ y

=— ——exg————|,
N Jr Wa Wo




694 F. PRATI, M. TRAVAGNIN, AND L. A. LUGIATO 55

z -1
Jr,(z):f dx X'e . (3.9 =t ot
4

- - ]
Mthr linr—lo

(3.10

As the three kinds of stationary solutions have the same

threshold, what determines which of them is the actual mod#hich represents the excess of injected current relative to
of emission of the laser is their stability against noise in-threshold. The condition of laser very close to threshold
duced fluctuations. We have performed a standard linear stamounts to assuming<1, which in turn implieq f*%«g.
bility analysis of the three stationary solutions. In order to It was demonstrated ifiL6] that only the two mode8,
simplify the calculations we have considered the limit of (TEMg) and B, (TEMy, and the two doughnut modes
laser close to threshold, in which the substitutionDGH. can be stable. For fixed values®f r,/7, andy, the
(1+]|F|?) ~1—1—|F|? allows for solving analytically the in- boundaries of the stability domains for the two kinds of sta-
tegrals which appear in the linearized equations. In this limitionary solutions are assigned by the following critical values
it is convenient to introduce the normalized pump parameteof 3 [16]:

3 |£‘

1
Blz ?! (311)

r

7o H(1+a?) +2(1-2H) = JH*(1+a®)*~4a”(1-2H)*
S 2(1-R)4(1+dd) ' (312

with
Jo()a(9h) = Ia()?
Jo()Ia()+3Ix(h)*

By increasingB we meet the following sequence of stationary and dynamical regi@es< 8< 8;: the two doughnut modes
are stable(b) 8;<B<pB_: the two doughnut modes beat at frequency

H(y)= (3.13

1
w;=—0, (3.19

T

(c) B_<B<B.: modes TEM,and TEM,y; are stable(d) 8>3, : modes TEM, and TEM,, beat at frequency

_1[-2(1-2H)*+H¥1+a®) +HH (1+ %)’ —4a’(1-2H)*]"?
o V2(1-H) |

(3.1

w2

Figure 3 shows the stability domains of the doughnut modesme and in spadepulse of temporal widtho and spatial
and of modes TEM, and TEM,, in the (4,8) plane for  width % centered at a pointxg,y) in the transverse plane
a=4 and7,=0.17, . and at timet=20

It is worth noting that the width of the two bistability

domains is proportional to the rati,/7, : in order to have o114 (t—20)2][ 2122
significant bistability domains above threshold, the photon Finj(X,y,t)= \/E[_ ex;{— — _}
lifetime 7, must not be too much smaller than the carrier m o ™
lifetime 7,. This requires very high mirror reflectivity 1 (X—X0)2+ (Y—VYo)2
(R>0.995). x—ex;{— - } 4.9
7 7
IV. OPTICAL SWITCHING OF MODES TEM 4, The total injected energy is
AND TEM g
Since the bistability domain of doughnut modes is very o o o
small, in the following we will consider only the case in E:f deJ' wd)’f wthiznj:UPa (4.2

which the two bistable states of the VCSELs are modes

TEM 15 and TEMy;. In this section we will investigate the

conditions for switching from one to the other mode bywhere P is the maximum normalized injected power. The

means of an injected signal. dynamical equations of the laser with injected signal, ne-
We assume that the injected field is a Gausglaoth in  glecting carrier diffusion, are then
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dgl_ A +1 ) 11, 0
T OJSF] prl( ) Tp( ia) |
o 0 |92|
X gl—j de dy B,DF |, (4.39 I ]
0" 0.5 | i
\ Ig,ll
49z _ iAwg,+ ! t ! 1-i i T
dr Q> prz( ) Tp( i) :’ .: I
* * O.OE.BI.I".II.:”.... L
*|927 fﬁwdxﬁwdy BoDF. (4.39 0.0 100. 4/t
dD 1 S
—=——[DA+|F|) = x(x,y)] (4.39 FIG. 4. Undamped oscillations of the TEjand TEM,; modes
dt Tr o under injection of a high-energy pulse witR=0.30P, and

o=25r7,. The initial relative phase of injected and laser fields is
with 3mw/4. The other parameters a@=0.0363,7,=0.1r,, a=4, and
¢=2. The dashed line represents the amplitude of mode FEM
F(X,y,t) =B1(X,y)g1(t) + Ba(X,y)ga(t) (4.9 and the solid line that of mode TE.
and " L
be very sensitive to the injection parameters, namely, the
1 (e " amplitude and duration of the injected pulse and its phase
yiAt)= _f dxf dyBy Finj - (4.5 relgtlvg to the cawty'fleld. 'C'onversely, Kw is too Iqrge,
JTJ = — switching becomes insensitive to the pulse duration and
phase, but its threshold becomes very high.

Since in this section we deal only with mod8s and Let us first examine the laser behavior in the case
Bz, the electric field has been expressed in terms of thesngo_ If the pu]se is |0ng and Strong enough to cause an
modes. The presence of the injected field has two consesnergy transfer that brings the laser to the upper unstable
quences. First, the source terpsandy,, which represent region of Fig. 3 the two competitive modes develop oscilla-
the projections of the injected field over modggs and B,,
have been added in the equation for modal amplitudes. The
field F now represents the total intracavity field. The normal- 1.0
ization of the injected field amplitudes tfT makes the cou-
pling coefficient equal to the photon decay rate,1/ The
second consequence is the introduction of the parameter
Aw, which represents the frequency detuning between the
laser and the injected fiel@d,se;— win; -

Let us assume that the VCSEL is emitting mode TEM
(B1), and we want to cause switching to mode TEM
(B,). Then the injection pointxXy,yo) and the beam waist
7 must be chosen in such a way to maximize the projection
onto mode TEM; (y,) and minimize that onto mode 0.0 10. 0. 30, t/T
TEM;y (yq1). It is found that this occurs when
Xo=—Yo=3/8wy and 7=wg/+/2. With this choice of the

T T T T [ F P T i T

0.0 SNSRI AT AT SN AR

Im(g )

injection parameters we hayg=0 and 192
p\2 t—20)? ey
y2(t):0.5€<? exp[——( — ) (4.6) o “91 o
. . . . Rel(g,,q,}
Taking into account that the stationary power transmitted /. o vz
outside the cavity i,=|g3T, the above equation can be 4 z
written as

NN

P\ (t—20)?
y2()=059 5| [g3exg — ———
Po o FIG. 5. Behavior of the laser modes amplitudes upon injection

. . . . of a low-energy pulse wittP=0.001P, and o=2 7,. The other
which allows us to express the injected amplitude in terms ofarameters are the same as in Fig. 4. An initial phase difference of
the adimensional rati®/P, of the injected and emitted pow- /4 is assumed between the injected and laser fields. In the top and
ers. bottom figures are shown, respectively, the mode amplitudes as a

The detuning parametekw plays a crucial role in the function of time and their evolution in the complex plane: switching
switching process. IA w is too small, switching turns out to takes place.
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1.0
L ' 17 177 | T 7 1T
L i 1.0 TT T T [ 7T T T T 7 T T 1T
0.5 L i L j
g, | | 0.5 | a
Fom b _ g, I, |
r lg,l \\
0.0 Lo 11 12 L | j
0.0 10 20 30 t/'tr 0.0 AN BTN P ISR
0.0 10. 20. 30. T,

19y

/
91

.,r7\m R8(91)92)

Re(g )

192

FIG. 6. Same as Fig. 5 but here an initial phase difference of
3m/4 is assumed between the injected and laser fields. Switching riG. 7. Behavior of laser mode amplitudes upon injection of a
does not take place. pulse withP=0.30P; ando=6 7, ; a detuningAw=3 rr’l is as-
sumed between the injected and laser fields. The other parameters
tions (Fig. 4), and it becomes impossible to control which of are the same as in Figs. 4-6.
the two will finally dominate. These oscillations can be
avoided only by reducing the energy transfer to the system to V. LOGIC GATES

the minimum value which is necessary to obtain switching; Having demonstrated the feasibility of optical switching
in principle this can be accomplished by injecting, for a shorthetween modes TEM and TEMy, in a VCSEL with a
time, a pulse of low power. Unfortunately our simulation square-shaped active region, we are now ready to apply this
shows that in this case it becomes necessary to control thesult to the realization of optical logic gates.
pulse phase. Figure 5 and Fig. 6 show the evolution of the The logic gates most commonly used are ttieg, the OR,
two amplitudesy; andg, for injected pulses with the same the AND, theNOR, and theNAND. Among these only th&oR
amplitude and duration, but different phases: switching ocand theNAND are fundamental, in the sense that combining a
curs in the case of Fig. 5 and it does not in the case of Fig. 8zertain number olNOR or NAND gates it is possible to build
The introduction of a small detuningdw between the any other logic gate.
injected pulse and the cavity field has both the positive con- A NOR gate can be realized as follows: two input beams
sequences of reducing the energy transfer to the system afiti. |2) are injected in correspondence with the two peaks of
eliminating the switching dependence on the phase. As on@"€ mode, say mode TEM; the detector which measures
can see in Fig. 7, in the complex plane the effect of theh® output O) and a reset beani) are placed on the other
detuned injected field is causing a relative rotation of thefiagonal of the squaréFig. 9). Both the individual input

amplitudegy, andg,. To eliminate completely any influence

on the switching process from the initial relative phase it is 8. ——

necessary that the pulse is long enough that during injection PP i i
g, rotates at least 3 to 4 times arougd (Fig. 7); since the L 4
number of rotations can be roughly estimated to be 4. —

20Aw/27, the minimum pulse length is given by=3

+47/Aw. An unavoidable drawback is that the minimum

power which must be injected to have switching increases, as 2.
shown in Fig. 8, where the ratio of switching powey,, to
the stationary poweP,, is plotted as a function dh w. Yet,
if szr[l the switching powerPy,, is still low: for in-
stance, in the case of Fig. Aw=37,‘1, o=67, and
P.,=0.28P,. Then, assuming r,=0.2x10° s and

Po=0.1 mW, _the_ switching energy iEg,= oPg,~30 fJ. FIG. 8. Variation of the laser switching threshdtg,, /P, with
The whole switching process takes about 6 ns. increasing detuning, for an injected pulse with duration6 7, .

0.0 5. per 0.
™
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this delay, the response of the laser to the second pulse
(I,) is very different from that to the first ond,). The
whole logic proces$a)—(e) takes about 10f) .
An OR gate is immediately obtained from the®R simply
@ by locating the output in the other diagonalyaTt gate can
also be obtained from theoR one, by simply eliminating
one of the input signals.
For theAND and NAND gates the situation is more com-
plicated, because the laser must switch only when both input
beams are “on.” One can think of injecting simultaneously
the two beams, setting the intensity of the “on” signal to a
value in the range between the switching threshold and one
half of it; unfortunately the two pulses, depending on their
FIG. 9. Scheme of the logic gateor. |; andl, are the input  detuning and phase difference, can interfere and cancel each
beamsO is the output andReis the reset beam. other. It becomes therefore necessary to control the interfer-
ence conditions or change globally the whole device design:
beams and the reset beam have sufficient intensity to caugevestigations are going on in both these directions.
switching from one to the other mode. We observe that the scheme proposed here for logic gates
We assign the value “1” to each of the inputgandl,  can work only when the two stable states of the laser do not
when they are “on” and “0” when they are “off.” The overlap in the transverse plane, as in the case of modes
detector measures “0(no intensity if the laser emits mode TEM, and TEMy,;. In this way the two output levels are
TEMy, and “1” (finite intensity if the laser emits mode associated with two intensity levels of the emitted field in a
TEM 5. The reset beam, which is injected at the beginningparticular point.
of each operation, is necessary to ensure that initially the The situation in which the two bistable states are the
laser emits mode TEN}. Then, if no beam is sent to any of doughnut modes is less convenient for applications, because

the two inputs(i.e.,1;=1,="0"") the outputis “1”; in all in this case the two outputs have the same intensity levels
other cases the laser switches to mode 0 and the output @&d they can be discriminated only by means of phase-
“0"; hence, the system works as NOR gate. sensitive techniqugd 3]. We note also that the kind of logic

Figure 10 shows the time evolution of mode intensities ingate we propose has gain, and therefore allows for cascad-
the case in which both input beams take the value “1.” Theability.
whole operation consists of various stef@.the reset beam
is switched on(in this particular case we assume that the
result of the previous operation was “0,” that is the laser
was on mode TEMy), (b) the reset beam is switched offand Al the previous results have been obtained assuming
the laser reaches the TEMmode,(c) the two input beams | <w,, i.e., neglecting the effects of carrier diffusion in the
are injected, one after the other, into the lagdy the injec-  transverse plane. As soon as the diffusion term in(Bgb
tion of the input beams causes the switching to modss taken into account, an analytic study of stationary solu-
TEMyg, (e) the output is detected. In stép) the time sepa-  tions of Eqs(2.83 and of their stability becomes impossible.
ration between the injected pulses, equal g % necessary However, we can determine the shape of carrier distribution
to reduce interference between them, that in special cas@s the transverse plane below laser threshold and hence the
might prevent the laser from switching. Actually, even with value of laser thresholgs,,, which differs from the one

obtained neglecting diffusion. In the absence of diffusion and
1.0 L below threshold the profile of the carrier density coincides
with the functiony(x,y); carrier diffusion smooths the con-
tours of x(x,y). The stationary profile of carrier densiy
when the electric field is equal to zero, is governed, accord-
ing to Eq.(2.8b), by the equation

VI. EFFECTS OF CARRIER DIFFUSION

0=D(x,y)— x(x,y)—13V2D(x,y), (6.0

with x(x,y) given by Eq.(2.11) with uo=0. Itis convenient
to introduce the Fourier transforni®(u,v) and’y(u,v) de-
fined by

FIG. 10. Time behavior of the laser mode amplitudes during the ® @ — 2
sequencea)—(e) described in the text, with the input beams as- D(X,y):f duf dv D(u,v)exr{i |—(UX+ vy)
sumed to be both “on.” Same parameters as in Fig. 7. The Gauss- e 0T A
ian pulses corresponding to the reset bedds)(and to the two
input beams I(;,1,) are centered at times 12, 48 r,, and 72
7, , respectively. and

(6.2
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FIG. 12. Optical switching in presence of carrier diffusion. All
the parameters are the same as in Fig. 7 apart Ffgpr0.158 5, and
o=27,.
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whereA(x,y) is any of the function®GH,, DGH_, B;
and B,. The value ofu,,, increases considerably witl, .

FIG. 11. Transverse profile of stationary carrier density':Or instance, fol x=2w,, we haveu,=1.418 forlp=0

D(x,y) and of its Fourier transfornd(u,v) in absence of carrier _and,uthr— 1.728 forlp _0.158A . This fact is q_wte obvious:
diffusion () and (b), and forlp=0.158 , (c) and (d). in the presence of carrier diffusion some carriers escape from

the region occupied by the active modes and they do not

w w o participate any longer in laser emission.
x(X,y)= f duf dv }'(u,v)exp{i l—(UX+ vy)}. Another important consequence of carrier diffusion is the
_°° o A enlargement of the stability domain for single mode station-

6.3 ary solutions TEMg and TEMy; . In this case it is not pos-
The Fourier transform of(x,y) is sible to derive analytically the equations for the boundaries
of the stability domains. The stability of stationary solutions
Y(u,v)=usinqu)sinqv). (6.4  was checked by numerical integration of the dynamical
. equations. For instance, in the absence of diffusion and with
Then, from Eq.(6.1) we obtain =2, Fig. 3 shows that the stable range for the pump pa-
sindu)sindv) rameterg is [0.011,0.063. Numerical simulations with the
(u v)=p . 5 (6.5  same parameters ahg=0.158, show that now the solu-
1+ (27l p /1 p)%(u2+0v?)

tions TEM,q and TEM,,; are stable forg in the interval
[0.028, 0.225. Hence both lower and upper stability bound-
aries increase, in such a way that the stability domain be-
comes larger. We interpret this result in the following way:
D(x,y) = uD(X,y) (6.6) '_[IfEMinstability me_chanis_m for the s_ingl_e mode solutions
10and TEMy, is spatial hole burning: in the presence of
with diffusion carriers are able to refill in part the holes burnt by
the field, increasing the stability of the stationary solution.
o © 2 Finally, we have found that for a fixed value of the ratio
D(x,y)= f_wduf_wdv D(U'U)COS{K(”X”LUV) : P/P, the switching time can be considerably smaller in the
(6.7) presence of diffusion. For instance, for the parameters of Fig.
7, the switching time was,,=57, . With the same param-
Figure 11 shows the stationary profiles Df(x,y) below eters and a diffusion coefficier;=0.158,, we found
threshold and the corresponding Fourier transf@ifu,v)  switching even folr=27,, as shown in Fig. 12. This result
for Ip=0 [Figs. 11a), 11(b)] and for I5=0.158, [Figs. can be explained considering that carriers move more easily
11(c), 11(d)]. The complementarity principle is evident: the from one configuration to the other in the presence of diffu-
more “localized” is D(x,y) the less “localized” is sion. However, it must be noted that, even if the injection
D(u,v). time in the presence of diffusion is 2/5 the injection time
The above results allow for the determination of the las-without diffusion, the ratio between the switching energy is
ing threshold in the presence of carrier diffusion. The threshabout 2/3. The reason is that, although the r&i®, is the
old is the same for the doughnuts, TEpMand TEMy; modes  same in the two caseBy, is larger in the case with diffusion,
and it is given by as can be seen from a comparison between the values of
|g5'| in Fig. 7 (=0.35) and in Fig. 12 £0.45). Since the
1:Mthrfx dxfw dy|A(x,y)|2D(x,y), (6.9 swﬂchmg energy was at_)out 30fJin Qbsence of diffusion, we
- —w can estimate that diffusion reduces it to 20 fJ.

and, taking into account the symmetry properties
D(u,v), the stationary profil®(x,y) is
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VII. CONCLUSIONS 1.0

L L L L L
We have demonstrated that VCSELs possess an espe-

cially interesting feature with respect to other kinds of lasers:

the two Gauss-Hermite modes TEland TEM,; can be

both stable with an appropriate choice of the parameters and 0.5 |

geometry. This property of VCSELSs is the basis for applica- L 19! lg, ! ]

tions to optical switching and logic gates. We have shown I

that the energy necessary to switch from one mode to the . N

other can be as low as some tens fJs, while the switching g “ 1

time is on the order of a few ns. Switching is more reliable 0.0 L d e

when a small detuning between the injected field and the 0.0 10. 20. 30 toe,

laser field is present. In the presence of carrier diffusion in

the transverse plane the threshold value for the injected cur- F|G. 13. Switching process with the same parameters as in Fig.

rent increases and the bistability domain of modes TEM 7, but with uy=—1, to take into account the effects of absorption.

and TEM,; becomes considerably larger. Moreover, if one ] o
keeps fixed the ratio of injected to emitted poviP,, the ~ duency degeneracy, and make bistability imposs{i2é].

switching energy is smaller, because the switching time iéNe are confident that in a reasonable time VCSELs with a

: - : : : sufficient degree of homogeneity will be available.
smaller. We have described in detail how, using this systent; Another difficulty is represented by the necessity of fo-

one can realize logic gates of ther, Or, andNoT type. cusing the injected beam to a size on the order of a few
As discussed in Sec. Il, in our model we neglect absorp-_. g the inj ; . -
. . ; .~ "microns, in order to excite only the desired mode. Spatial
tion coming from the passive parts of the VCSEL. Yet, since , . o ; .
: . n . drifts of the injected field could also be detrimental for the
the main effect of absorption is to increase the laser thresh-_ .~ .- .
: , reliability of the device.

old, it does not affect our rescaled parameeFor instance,

. o : Last but not least, a more realistic description should in-
Fig. 13 shows the switching process with the same Parammyde light polarization, and we are working in that direction
eters as in Fig. 7 and a rather high absorptigy= —1. The gntp ’ 9 :

. : L Al n any case VCSELs, because of their particular properties
Itg(iegha;nor of mode amplitudes is indeed very similar to that OTJand of the possibility of realizing cascaded configurations,

. . . seem to be interesting candidates for applications to informa-
Finally, we want to point out some limitations of our

model. First of all, we have assumed that the transversgOn processing.
modes of the VCSEL belonging to a family with the same

value ofm+n are frequency degenerate. This is not the case

in general, because the presence of any astigmatism in the We thank Professor J. Mclnerney and Dr. Hua Li for very
laser makes the optical path different for modes with a dif-helpful and stimulating discussions, and for disclosing to us
ferent spatial profile. We need a large degree of transversiheir experimental results before publication. Work in the
homogeneity in order to have perfectly degenerate modestamework of the ESPRIT BR Project 7118 TONICS and of
Asymmetries or strains of the material can break the frethe NATO Collaborative Research Grant 921142,
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