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Abstract:

We provide a detailed theoretical investigation of two-photon absor ption
photoconductivity in semiconductor microcavities. We show that a high
enhancement of the non-linear response (>10000) can be obtained due to
the microcavity effect. We discuss in detail the design and performance
(dynamic range, speed) of such a device with the help of an example of a
AlGaAs/GaAs microcavity operating at 900nm. This device is promising

for low intensity fast autocorrelation and demultiplexing applications.
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1. Introduction

In recent years, Wo-Photon_Absorption (TPA) in semiconductor photoconductiveickes has
emerged as an attractive, inexpensive and convienegnfor autocorrelation measurements of
picosecond, and sub-picosecond laser pulses. 8iecirst demonstration of autocorrelation
using this technique [1], many commercially avdiadbevices in different materials have been
examined. This work has resulted in high sensyticharacterization of short optical pulses
using TPA based autocorrelators [2-17].
In addition to autocorrelation, recent work has destrated the possibility of using the
instantaneous TPA nonlinearity for carrying out rhigpeed functions such as optical
demultiplexing and sampling for use in ultra-higpacity optical time division multiplexed
(OTDM) systems. These studies used commercial 1cBomlaser diodes with TPA of 1.55
micron signals [11,18], and showed that this teghaiis promising for developing high speed
components for future Terabit/s optical systems.

However, TPA devices still require high optical unpntensities in order to get a
significant level of photocurrent, and to exceed thsidual linear absorption. One way of

increasing the TPA sensitivity is of course to les® active lengths but this is at the expense



of speed that may prevent its use in OTDM systéshsAnother approach we propose here is
to use a semiconductor microcavity where the leegtmncement can be achieved artificially
by the use of a Fabry-Pérot cavity.

To our knowledge no theory nor results have beersgmted on TPA photocurrent in

microcavities. The enhancement of the TPA indudeatg@duminescence in aminopurine have
been reported [19], but no theoretical insight \gasen. We present a detailed theoretical
study of TPA photocurrent in semiconductor microtas, and discuss the design and

performances of a device working at 900nm.

2. TPA

Two-photon absorption is a transition that resfutien the addition of the energy, momentum,
and angular momentum of two photons. When the itrtansonsidered is from the valence to
the conduction band of a semiconductor, the ensugy must then be By, whereEy is the
semiconductor bandgap energy. For degenerate TRAreathe two photons have the same
energyhv, we thus hav@hv> Eg. In the following, we will only consider degenex@juasi
degenerate TPA.

TPA in bulk [20-29], and Quantum Well (QW) [30-3ggmiconductors has been,
experimentally and theoretically, extensively saafjibut since high power and large tunability
are needed, very little data is available, in congpa with Single Photon Absorption (SPA) in
semiconductors. Moreover, theoretical predictioressraore complicated, since TPA in direct
bandgap semiconductors involves mixing between fjaswl a large number of bands or non-

parabolicity terms in addition to excitonic effectgy be needed to accurately calculate TPA



coefficients [29]. Typically, the experimental TRAefficients are given within an accuracy of
a factor of two. This is often due to many facteuseh as simplifications in calculations, or
difficulties in fully characterizing the pulses dsén TPA experiments (duration, spatial
fluctuations, and coupling efficiency) [5]. Commamn between bulk and QW structures is
rather difficult [38], and the use of a bulk or & Btructure will depend on the anisotropy,
speed, material quality and TPA enhancement coraidas. This will be discussed in section

5.

3. TPA photocurrent

When both single photon absorption (SRAAnd TPAS coefficients are taken into account,

the differential equation for the intensity proptgial(z) along the z axis of a semiconductor

is:
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solving forl(z) gives [39] :

@)= e @

"1+ (A, a)1-e)

The SPA and TPA contribution in the total absompiian be derived as [39]:
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where:



C=1+(A,/a)1-e) (5)
If the quantum efficiency of the photoconductivity100%, the photocurrent J is then given

by:
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where S is the illuminated area.
Using this description, the useful non-linear twwfon response is then limited on the lower

side by SPA, and on the high intensity side byttia absorption (Fig. 1.), so :
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This gives the dynamic range where TPA can be tmedutocorrelation and demultiplexing
applications.

When condition (7) is satisfied, (6) becomes:
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Fig. 1. Photocurrent versus intensity for a L=1pemigonductor for different absorptioosand f=0.02 cm/MW.

The dynamic range is shown for the0.1cm’ curve.

Generally, in TPA photoconductivity experimentsngsnon coherent pulses, one uses a high
intensity pulse 4 that samples a second pulseThe intensity ratio between the two pulses
may vary from 1:1 for autocorrelation measuremémts1:10 for demultiplexing or sampling
applications [18]. In the latter case, two non-gehe pulses produce a photocurrent
proportional to(l,*+2111,+1,%) so the photocurrent change (with and without tmepled pulse

,) is proportional t@l4, (if 1, is neglected).

For high speed demultiplexing applications, thegeral response of the device should
be as fast as possible, and the TPA photocurremtidhbe as large as possible for low
intensity optical pulses. The rise time of the pleatrent depends on the carrier collection
time on both sides of the pn photodiode, whereasfali time mainly depends on carrier
diffusion to the contacts and capacitance of thedeli[40]. The rise time of the TPA
photocurrent can be very fast (in the order ofva is [40], [18]), so the main limitation is due
to the capacitance of the photodiode. Device agtgae can, of course, be reduced by using
smaller device areas. However, in the case of alptvaveguides, this implies a reduction of
the TPA length and thus a reduction of TPA photmit which is not desirable. A way to
enhance the response time while maintaining high plotocurrent and low input intensity is

the use of a microcavity semiconductor device.

4. TPA in microcavities



In an ideally empty tuned Fabry-Pérot cavity witbnt and back mirrors with amplitude
reflectivities of r; and r, respectively, and a front amplitude transmisstgnthe field

enhancement factor of a normal incident electetdfly, at an antinode is given by:

f = h@rry) 9)
@- rlrz)

The optical intensity is given Hy=Eq?n/2Z,, whereZ, is the vacuum impedance (~3@J and
n is the refractive index of the medium. Thus, théemsity enhancement factor F (ratio
between a cavity and non-cavity intensity), is tieri’ and, as the photocurrent depends on
the square of the intensity, the enhancement fadttne photocurrent at the antinode is then
F2. For a microcavity length ot the integrated average intensity enhancemerurfadt be
F/2, whereas the integrated average photocurrent entmamtefactor will be3F%/8. The 1/2
and3/8 factors come from the average valud(ejJ sin(kzz) and1%(z)7 sin'(k;z) integrated
over a periodL=AA respectively where k, is the wavevector propagation on theaxis.
Regarding the TPA photocurrent, tBE%/8 factor can be seen as a length enhancement factor.
For example, a FP cavity with a front mirror refleity of 0.95 and a back mirror reflectivity
of 0.995 will have a length enhancement factor roiuad 2.5x16 This means that a FP
cavity with a thickness of 0.3um would have the sagsponse as a 7.5 mm long non-cavity
device, which could lead to a factor of ~10 redurtton the device surface (comparison
between a 2x7500pmwaveguide and a 25 pm radius vertical cavity).ngsk microcavity
rather than a waveguide could then lead to a sogmf reduction of the capacitance of the
device.

In fact, as the enhancement factor operates omsitye the effectivef3 and

a coefficients now becom@F?4/8 andF a2 respectively.



The dynamic range, in a thick cavity, now reads:
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Fig. 2. Photocurrent versus intensity for a L=1pawity with different enhancement factors F withitgh
semiconductor parametexs0.1 cm® andB=0.02 cm/MW [26]. The dashed lines show the lov&RA

predominant on TPA) and higher (total absorptigm)ts of the photocurrent.

Thus, the total dynamic range is given bBR=1__. /1 ... =2/LFa . The microcavity response

will then enhance the photocurrent but reduce fimaihic range as shown on Fig. 2.

This simple insight to microcavity enhancement doatshowever take into account the
pulse duration or the reflectivity changes thasearfrom absorption and refractive index
changes inside the cavity. Indeed, as TPA becompsriant, the empty resonator model is no

longer valid and the microcavity reflectivity tentsr, so the upper limit of the dynamic range

has to be divided byR|r1|2.



To account for these changes and look at theicketfe the device photoconductivity

response, we have developed a simple model baste dmansfer Matrix Method (TMM).

Moddl :

TMM is widely used and has proven to be very effectn the description of optical
properties in the linear regime. It has recentlgrbased [41] to study TPA in Bragg reflectors.
In our work, we have developed a slightly differeradel.

The transfer matrix method enables to write thepagation of an electric field through a
multistack dielectric layer using Maxwell boundangnditions.
The transfer matrix (assuming a linear polarisatiod a normal incidence angle) for the layer

i relates the electric fieldi&t interface i to the field;g at interface i+1 according to :

. k. , K,
elki+ldi+1(1 + 1+l +1j e_lki+1d|+l(1_ _H'lj
K, k J[E:, =
K K {E_ 1} = Mi+1,i|:E_ 1} (11)
eikl+ldl+l(1 _ i+1j e_iklﬂdlﬂ'(l"' i+lJ i+1 i+1
K, K

where k1) denotes the linear propagation constant in lefief) and g1 the thickness of

1
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layer i (i+1) respectively. Eand E are the forward and backward propagating elefitrids.

It is thus possible to write the intensity proffléz)=E(z)2n(z)/24 ), inside a given multistack
dielectric layer. In our model, for a given incomimlectric field B (and thus a given
incoming intensity), we take this calculated intgngprofile, to modify the propagation
constant k which now takes into account the non-linear respoof the materials. This
produces a new intensity profile which generategwa set of Kl(z)) propagation constants.
This procedure is then repeated until convergeaceached. The convergence criterion is

choosen to be the integrand of the squared inyepsiffile difference along z between two



adjacent self consistent calculation steps. Thaevalf the criterion parameter we used was
typically 10°W2m*® which ensured a rapid and reliable convergencés fiocedure is thus
used to plot the intensity profile for differentoming intensities.

For the simulation, the device is divided into anter of layers to allow for the
accurate calculation of the saturation behaviouckvis important in terms of determining the
dynamic range. Typically, the size of each layethn TPA region is taken to be around 15 nm
(<Ao/10n at 900 nm).

For optical pulses which are long compared with ¢avity lifetimes (typically very
high finesse semiconductor microcavity lifetimes ar the order of a few ps), the optical field
standing wave regime (steady state) is attainethesphotocurrent laser pulse response of the

cavity can be taken to be the same as in the C\/ cas

Expression for the k wavevector :

We now focus on the k propagation constant and thesTPA intensity dependant
refractive index change contributions. The firsinttibbution comes from the non-linear
refractive indexy,. A good review of non- linear refractive index afiéA is given in ref [26].
From this analysis, it is possible to see that wiverking close to the bandgap (where fhe
coefficient is the highest), the non-linear refraetindexn, is dramatically increased, so the
device dynamics can be drastically reduced. ThHecehas recently been observed in bulk
AlGaAs semiconductor microcavities [42]. In theofgr degenerate TPA, there is one
wavelength where.nis null. At this wavelength, positive and negatoantributions from the
TPA coefficientS in the Kramers-Kronig relations cancel out eadtentFrom this study [26],

then,=0 wavelength is located arouht/E4=0.7. In practise, the reab will be of the order of

10



10" m*W, and we will show in the following that this ddbution has little impact on the
device dynamics.

The second contribution comes from the generatiaawiers. This effect has been shown to
be a predominant one in self-phase modulation [@34, could possibly be the reason why a
long delay transmission change is seen after a phtse in recent experiments on GaN [13].
The TPA photogenerated carriers induce refractndex changes via band-filling and the
plasma effect. The refractive index change perieradensity pair, far from the band edge in

the bandgap, can be approximated by [41]:

i Ey
" 24P E2 - (hw)?
ENyMyy By (hw)

(12)

wheremgs is the reduced effective mass of the electron-palg ny the linear refractive index
andEy the bandgap energy.
As an example, for AIGaAs withy =1.77eV,A=0.9um, ng= 0.07my, n,=3.48, we get gr=-
4.2 10°'m?.

In the pulsed regime, if the pulse duratipns much shorter than the carrier lifetime

but less than the cavity lifetime, then the nundfgrhotogenerated carriers is:

’r
N =AoTs \/E (13)
2hew \ 2
for a pulse defined by :
—t2
[(t)=1,e %" (14)

As our model is a steady state one, we cannot ttakéemporal carrier index change into
account. To overcome this problem without losinguaacy of the description, we have taken

an average carrier density seen by the pulse\/ze.
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Finally, the k wavevector in the transfer matrixtheal is simply replaced by :

2m . A .«
K=—-1—-i— 15
A2 2 )
where :
N
n:n0+nzl+an3 (16)

As an example, using (12), withyjl. 10 m%W [36], jon|=4.2 10°'m°, 1,=10ps and a
carrier density N=18cm®, we get al=4.10" while p;|N/2=2.10°. This carrier induced
refractive index change contribution is thus muobater than the nonlinear refractive index
change #l.

The photocurrent is calculated by integrating theoabed intensity inside the depleted

region of the photodiode:

| :JL"7TF>A:61 ’(2) +’75PAa| (2) dz (17)
ey 2E E

Here E is the incident photon energy given in eM] then factors account for the TPA and
SPA photocurrent conversion efficiency respectivdliiese factors have been estimated at
11% and 3% respectively in a recent publicatior] [8® a GaAlAs waveguide. These rather
low values have been explained by recombinatiorrgs®es but no rigourous calculation of
the optical mode injection, confinement factors doslses have been made. Instead, we
assume a photocurrent conversion efficiency of 16@both TPA and SPA in the undoped

region and 0% in the n and p doped regions.

5. Devicedesign for operation at 900nm

12



Various considerations must be taken into accoumr@ndesigning a cavity. The most efficient
design will depend on the pump characteristicanaelength, duration, pump intensity. This
results in a trade off between the speed, sertgitivid the dynamic range of the device.
First, as a Fabry-Pérot cavity response dependghenwavelength, the pulse spectral
broadeningAA should be narrower than the spectral cavity rasomaTlhe lower limit for a
transform-limited pulse duration is given MA(nNm)=1.18t,(ps) at A=900nm. In the
following, we will consider a pulse with a 10ps diion, thus having a minimal spectral width
of 0.23nm. The cavity must then have a FWHM resoeamder than 0.23nm. This limits the
mirror reflectivities and hence the enhancemertbfaachievable.

We have chosen AlGaAs/GaAs material with an adtiyer with a bandgap of around
700 nm, since it is possible to grow high refletyiDistributed Bragg Reflectors (DBR) quite
easily. The other question to assess is whethesg@oquantum wells as the active material.
Using a vertical cavity and a normal incident beamly the TE mode is used, so no exciton
resonance appears in the TPA spectrum [37]. Evilre iCoulomb/exciton enhancement factor
is high above the bandgap, the use of quantum waliscause carrier retrapping and hence
reduce the device time response, due to reducfi@aroer mobility along the growth axis
[42]. Moreover, the use of quantum wells requiregiy high quality growth, since any defect
at the Quantum Well (QW)/barrier interface couldreéase the SPA absorption [39]. Reverse
voltage application has been shown to improve @exésponse, since photogenerated carrier
can be swept out of depletion region rapidly, areanust be taken to avoid the enhancement
of linear absorption via the Franz-Keldysh / QuamtConfined Stark Effects. Shallow
quantum wells or thin barriers could thus be a goodpromise for speed [40] anél

optimisation due to the Coulomb/exciton effect.
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Recently, Metal Semicondutor Metal (MSM) photodé&tes using low temperature growth
GaAs, have shown very fast TPA response <500 f$ §121.5um, but unfortunately, the
introduction of defects also increases linear giigmr [44,45] which drastically increases the
optical intensity threshold where TPA becomes pmadant over SPA photocurrent. We
estimated the lower limit of the TPA dynamics foistdevice to be around 500 GW{rwhich
is a factor of ~100 higher than what could be etqubby a defect free material with a residual
linear absorption of 0.1ch

Following all these remarks, for a TPA response 980nm, we simulated a
AlGaAs/GaAs cavity using an active bulk materiathwa bandgap near 700nm (i.e x®@é;.
xAs with x ~ 0.25). This bandgap ensures that ttenEKeldysh absorption is kept below
0.1cm®, which can be taken as a lower intrinsic absonptialue of the material by impurities

or defects.

6. Simulation Results

We now present the results for two microcavity desi(A and B) and a non-cavity device (C).
A and B consist of two AlsGay sAs/AIAs A/4n Bragg mirrors (Fig. 3). The back Bragg mirror
has 35.5 pairs (~99.86%) for both simulated deweete the front Bragg contains 5.5 pairs
(R1=66%) for device A, and 15.5 pairs;f®3.7%) for device B. Device C is Anti-Reflection
(AR) coated on both facets and the active regi@his Alg 2sGay 75As bulk semiconductor for
all the devices. The cavity lifetinTg,, of device A was calculated to be 0.6ps.

In the simulation, we also took into account timedr and non-linear absorption and refractive

index of the mirrors.



Following [26], the parameters used are:
Berags0.008CmM/MW, 0Ogrags=20cmi® , np=1.10"m?W, o= -2.10°'m? , B,=0.02cm/MW,
0ac=0.1cm?, A=900nm, and the average power and current (upgkrigint scales) have been
calculated witlQ=10pum,t1,=10ps f=80MHz.

We have described the optical pulse incident orcéwity by:
—r2 —t? R
I(r,t)=1,e éze/” 7)

and the peak intensity is then:

W

[P — 18
0 fQZITS/ZTp ( )

whereW s the average laser power dnd the laser repetition rate (Hz).
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Fig. 3. Photocurrent (average current) versus sitgaverage power), for the two simulated cadigyices and a

non- cavity device.

As expected, a dramatic improvement on intensityesn when inserting the active material
into a FP cavity. Here an enhancement factor F285-is reached with the device B over the

‘non-cavity’ device C. This in excellent agreemueiith the simple model explained in section
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4, which also gives a factor of 235 enhancementa@ty this simple model is exactly the same
as the TMM as soon as we can take the empty resoassumption). The equivalent TPA
length of device C is then 5.4mm (3x2@5\/n). Moreover, as the FWHM of this cavity is ~
1nm, no drop of the response due to pulse spduoabdening is expected for pulses down to
10ps durationtgay~ 1.6ps).

However, as mentioned earlier, the dynamic rang¢éhefFP microcavity device is
much lower by a factor of 1000: the upper limitloé dynamic range in that case is not due to
the total absorption, but to the generated carefactive index change in the structure which
shifts the resonance wavelength of the device. Reveoltage application could somewhat
help to reduce the refractive index change by neduthe lifetime of the carriers inside the
cavity (to a few ps).

We have recently applied this model successfullyatoAlGaAs semiconductor

microcavity [46].

7. Summary

In conclusion, we have theoretically studied théEHect in semiconductor microcavities for
high speed all-optical sampling and demultiplexaggplications in OTDM systems. Since
TPA depends on the square power of the intensityigh TPA photocurrent enhancement
factor is expected using a Fabry-Perot microcaifagtor of a few thousands). We have also
investigated the dynamic range of such a deviceshndied the requirements of device design
in terms of speed, wavelength and pulse duratignddsigning a semiconductor microcavity

optimised for use as a TPA detector in either artetation or demultiplexing applications, it

16



should be possible to develop highly sensitive high-speed components for use in high
speed optical communication systems. Furthermdis, éxample and model are however
general enough to be implemented to other simiRRA Tevices, such as Resonant Cavity
Schottky [47] or MSM [48] photodetectors which adbuleduce the carrier stacking in the

Bragg mirrors and hence increase the device speed.
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