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We analytically show that inserting a driven two level system inside a microcavity can improve
its optical properties. In this approach, the strong dispersion induced by a pump via population
oscillations increases the cavity lifetime experienced by a slightly detuned probe. We further predict
that if the cavity is pumped through a resonant channel, optical absorptive or dispersive bistability
can be combined with the population oscillation induced steep material dispersion to obtain a
strong quality factor enhancement. Moreover differential amplification coming from the nonlinear
feature of the pump transfer function can be used to drastically increase the probe transmission
beyond intrinsic characteristics of the resonator. The Q-factor enhancement and the differential
amplification can be advantageously combined with a frequency pulling effect to stabilize or readjust

the microcavity resonance frequency.

PACS numbers: 42.55.Sa, 42.65.Pc, 42.50.Gy

Keywords: Cavity lifetime, Bistability, Population Oscillations, Microcavity

I. INTRODUCTION

Microcavities with high quality (Q) factors are of great
interest for integration of various optical functions and
fundamental studies in optical physics [1-3]. The nar-
row resonance and the long photon lifetime of such de-
vices can be used in optical and microwave filtering ap-
plications [4, 5] or for optical buffer miniaturization [6].
Moreover devices with adjustable Q-factors from low to
high values can be exploited to break fundamental limits
in pulse storing systems [7-9].

Intrinsic limits for the Q-factor in a microcavity are
given either by its radiative losses due to imperfect light
confinement or by the residual absorption of the consti-
tuting material. Therefore, the manufacturing of high-Q
resonators requires high purity materials [10], complex
technological processes to reduce fabrication imperfec-
tions [11] and careful design to avoid radiative losses
[12, 13]. Tt is possible to compensate for optical losses
by using a gain material within the microcavity [14-16].
Another way to increase the Q-factor consists in insert-
ing a highly dispersive material inside the microcavity
[17]. In this case, the photon lifetime is increased by a
factor proportional to the group index of the dispersive
material [18, 19]. This technique has already been pro-
posed and experimentally demonstrated in atomic sys-
tems embedded in macroscopic ring cavities using coher-
ent effects such as coherent population trapping or elec-
tromagnetically induced transparency (EIT) [18-23]. In
those configurations, a powerful pump beam induces a
steep dispersion centered at the signal frequency, tuned
to the cavity resonance. In this context, it has also been
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shown that a nonlinear susceptibility at the probe fre-
quency can enhance the Q-factor of the resonator [24].
The Q-factor of a solid state whispering gallery mode
microresonator has been recently greatly improved us-
ing the dispersion induced by optomechanical effects [25].
From another point of view, a strong dispersion can also
been obtained in solid state configurations via coherent
population oscillations (CPO) with any two level systems
(TLS) including ion doped crystals or semiconductor ma-
terials under suitable pumping [26-29]. Very few papers
have reported on the coupling of material dispersion or
coherent effects and microcavity resonances to artificially
enhance the group delay achievable in semiconductor het-
erostructures [30-34] or to control the Q-factor [35]. Note
that CPO effect occurring inside a semiconductor laser
cavity have been recently analyzed [36].

In this paper we discuss the coupling of an active (semi-
conductor or atomic) medium to an optical cavity (or
microcavity) where both the pump and the probe beams
are resonant. We will show that the nonlinear response
of the pump induces an additional dispersion which can
increase the Q-factor of the cavity at the probe frequency.
Moreover, under particular conditions, the pump can also
induce a strong differential gain [37] on the probe, thus
improving the cavity transmission. This paper is orga-
nized as follows. In section II we use a simple approach
to explain the Q-factor enhancement by CPO effect con-
sidering that only the probe beam is solely resonantly
coupled to the cavity. The model based on the coupled
mode theory (CMT) which describes the nonlinear cavity
is worked out in detail at section ITI. With this approach,
the nonlinear response of the cavity regarding the pump
beam can be taken into account. Section IV is devoted to
analytic calculations enabling us to identify the physical
mechanisms leading to Q-factor enhancement in a non-
linear microcavity. Finally, at section V we show some



numerical results illustrating the cavity linewidth nar-
rowing, the frequency pulling of the resonance frequency
and the role played by population oscillations and optical
bistability in these effects.

II. BASIC APPROACH OF CPO IN A
MICROCAVITY

Figure 1 is a schematic of a microcavity containing a
medium where population oscillations can occur. This
medium can be ion doped crystals [26, 28], or semi-
conductor heterostructures [29] for example. The fol-
lowing analysis based on CMT [38] is well adapted to
several configurations including whispering gallery mode
resonators or photonic crystal microcavities [39]. The ab-
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FIG. 1. (Color online) Microcavity containing a TLS. The
pump (frequency wp) is non-resonantly coupled to the cavity.
s (frequency ws = wp +9) is the input probe field. The cavity
mode is coupled to the reflected field v via evanescent waves
with a characteristic lifetime 7e.

sorption coefficient of the medium « can be saturated us-
ing a strong pump field (characterized by an angular fre-
quency wp and a normalized intensity Iy = I/, where
I and I, are the pump and saturation intensities). The
probe field s with the angular frequency ws = wp + 6, is
coupled into the cavity with a characteristic time 7.. For
simplicity we consider that the probe beam is at cavity
resonance: wg = ws. In this first approach only the signal
is resonantly coupled to the cavity. The pump is coupled
using a non-resonant channel such as single pass verti-
cal pumping in a photonic crystal cavity or whispering
gallery mode microcavity for example. The cavity mode
is coupled back into the access line via two channels (see
Fig. 1), and we only consider the reflected field u. The
overall photon lifetime in the cavity is given by

1 2 1 1
L2 - 1
= + + (1)

Te Trad Ta

where 7,44 is the cavity lifetime limited by the radiation
losses. 7, is related to the absorption coefficient a by:

1 ca

- = (2)

Ta 2710’

with ng the effective refractive index of the material
constituting the cavity. For a pump/probe detuning

§ < 1/Ty, where T; is the population lifetime, the popu-
lation oscillation effect generates a strong dispersion on
the probe beam characterized by a group index n, cal-
culated from a density matrix approach (at resonance
0 = 0) assuming a short dipole moment dephasing time
[26, 40]
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and a saturation of the absorption leading to

Qo

O <4>

where o is the unsaturated absorption. If ng, > ng,
the quality factor of the cavity experienced by the probe
beam is thus given by [17, 18, 41, 42]:

g WoT

Q = ) (5)

no 2
which can also be written using Egs. (1-5)
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We now consider two different configurations:
— The strong unsaturated absorption: Te, Trad > Tao- 1IN
this case the overall Q-factor can be approximated by

woT1 Iy

@= 201+ Ip)’

(8)

This expression shows that the new lifetime of the cavity
is ThIo/(1+ Iy). Choosing T7 > T,q4, the population os-
cillation greatly increases the cavity lifetime which max-
imal value is 7,44 when all the other optical sources are
negligible. The only drawback of this configuration is
that the value of the reflected power given by

4= (22 ey )

Te

can be very weak for 7,0 < 7.
— The weak unsaturated absorption: Te, Traqd <K Tao. The
Q-factor can now be written as

=3 Qo, (10)

where the Q-factor of the cold cavity Qo = wo7o/2 is
deduced from the photon lifetime of the cold cavity

1 2 1 1
== 4 +—. (11)
T0 Te Trad Ta0




Considering the hypothesis, we get
1 2 1

Trad

(12)

The main limitation of this approach is that the Q-factor
is proportional to T} /7,0 which is limited since we have
assumed a high value of 7,9. This leads to a moderate
value of CPO enhanced Q-factor.

As a partial conclusion, we point out that the cavity
photon lifetime of a microcavity containing a TLS where
CPO occurs can be strongly increased. The cavity life-
time is then basically limited by the population lifetime
Ti. However, unlike other coherent effect based schemes
where absorption is completely canceled, in the CPO ap-
proach, the residual unsaturated absorption limits the
reflected power from the cavity. We will show in next
sections that these issues can be circumvented taking ad-
vantage of the nonlinear properties of the cavity.

III. MODEL FOR POPULATION OSCILLATION
IN A NONLINEAR MICROCAVITY

In this section we study the case where both the probe
and the pump beams are resonant with the cavity mode.
It has already been shown that the CPO effects can be ex-
plained in the framework of a saturable absorber system
[43-47]. Since the CMT is well adapted to the modeling
of nonlinear single mode microcavities [48-50], we apply
this approach to our system composed of an absorbing
semiconductor material playing the role of the TLS [51].
The mode amplitude in the cavity a(t) is described by a
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FIG. 2. (Color online) Nonlinear microcavity and its access
line. s(t) is the input field consisting of a pump and a signal
which carrier frequencies are respectively wp and ws = wp +
0 (5(w) represents the input signal spectrum). The cavity
mode a(t) is coupled to s(t) and to the reflected field u(t) via
evanescent waves with a characteristic lifetime 7.

simple harmonic oscillator model [38]

s an-aw+ 2o )

where s(t) is the input field. Note that |a(t)|® is the
energy stored inside the cavity and the power of the input
signal is given by |s(t)|*. We assume that the absorption

linearly depends on the carrier density N

aao-(lj\\fl) (14)

where NV, is the carrier density at transparency. The in-
dex variations due to the photocreated carriers induce
a resonance frequency shift Aw of the cavity. The ab-
sorption and the index variations are related through the
Henry’s linewidth enhancement factor ay [52]. With
these definitions, wy is the resonance frequency of the
cavity at transparency (N = N;). The frequency shift
due to carrier density variations is [53-56]

afg
Aw = —

N
=-1]. 15
Ta0 (Nt ) ( )
The output field u(t) is obtained from the cavity mode
amplitude expression

mw¢2aw (16)

Considering the time domain slowly varying envelope
approximation, the definition of the pump angular fre-
quency wp and the expression of the field amplitudes

a(t) = A(t)ed«r? (17a)
s(t) = S(t)elwrt (17b)
u(t) = U(t)edr? (17¢)
Eq. (13) can be recast as
dA ) 1
ar JA = Tio (18)
+Nt7'a0 (1 +jaH)] A(t) + %S(t)

where A is the detuning between the pump frequency
and the cold cavity resonance frequency

A:wofa—wap. (19)
Ta0

The carrier density is simultaneously obtained by solving
the differential equation [57, 58]

AN NG AP
dt T T |asat‘2 [N(t) Nt] (20)

where \asat|2 is the saturation energy and 7; the car-
rier lifetime. The last equation can also be derived from
the effective TLS model for semiconductor materials [51]
by assuming a short polarization lifetime. This simple
model could also be applied to a TLS [44], in this case
the Henry’s factor ay would be replaced by the detuning
between the atomic resonance frequency and the pump
frequency.



IV. ANALYTICAL RESULTS
A. First order calculations

We now consider an input field consisting of a strong
pump sp and a weak probe signal s; (with |s;| < |sg])
slightly detuned from the pump frequency

S(t) = so + s167°. (21)

The cavity mode and the carrier density can be expanded
in a similar way

A(t) = ag + a1’ + a_e77% (22a)
U(t) = up + u1e’® + u_e79% (22b)
N(t) = Nog + Npe% + N_je 79, (22¢)

Due to the nonlinear term in Eq. (20) we have to take
into account the frequency component in —§ for the cav-
ity mode, the output field and the carrier density. By
combining these expressions with Eq. (18) and identify-
ing the zero and first order terms, we obtain the three
following equalities

(23a)

(23b)

(23c)

14+ jag
NtTaO

+

(Noa_1 + N_la()) .

The same operation can be done using Eq. (20), we thus
obtain

_ Mo el oy (24)
Ty T |asat|2
N 1
iON] = —— — ——— 24b
J 1 Tl T1 |a5at|2 ( )
[(No = Ni)(aoa™y +ara5) + Ny Jaol?]
N_4 1
—JON_| = — — 24c
J 1 Tl Tl |a5at|2 ( )

[(No ~ Ny)(aoa® +a_rag) + N, |a0|2} .

Equation (24a) gives the relation between the normalized
intracavity pump energy x = |ag /asat|2 and the static
carrier density Ny,

NO T

— = . 25

4

We introduce y = Ny/N; for convenience. Combining
Eq. (25) and Eq. (23a) we obtain a relation between z
. 2
and the pump input power P, = [so|”:
. 2
Pin _amoTe | x L @ Ldjon
PO 2 TO 1+2x Ta0

o (26)

where Py = |asat\2 /To. Basically, this relation gives the
nonlinear pump transmission. Under some conditions,
the equation P;,, = f(x) can have two solutions giving
a bistable behavior to the cavity. Since N(t) is real we
have N; = N*, thus using Eq. (23c) we find

a*(6) = a N;\ff) H() (27)
where
(6) L (25)

0) = - .
N+ 50+ A)rao —y(1 — jap)

and n = 740/70. Using Eq. (27), Eq. (24b) can be
rewritten
N1 0,10,6
— = F(9) (29)
N ‘asat|2
where F'(§) is defined as
1

F(5) (30)

T 14a+40T —yH(O)

Substituting Eq. (29) into Eq. (23b) and using Eq. (16)
we can deduce the expression of the probe amplitude re-
flection 7 = uq /sy

_ 2Ta0/Te
30 = A)Tao + 1 — (1 + jau) [y + xF(5)]

r(9) (31)

B. Asymptotic behavior

In this section, we evaluate Eq. (31) at resonance (§ =
0) in two asymptotic cases.

1. Purely absorptive nonlinearity oy =0

This simple model could describe a TLS with a pump
tuned to the maximum of absorption. We now assume
that A =0, H(d) can thus be expressed as

1

H) = — .
(0) n—y+JdTao

(32)

At resonance, § — 0 and |d740| < n — y which leads to

H(S) = — —(7{5_7‘;))2. (33)




Substituting this last relation in Eq. (30) and making
the same approximations we obtain

T Ta0T
1 9 [ﬁ - (n—y)J
F(0) = — +3J

CFO+55 T aror+ 55

. (34)

With F(6) = p + jdq, the reflection coefficient reads

2740/ Te
r(d) = . . 35
©) n—y—xp+ jé(Tao — 2q) (35)

The power reflection coefficient |r(6)|? has a Lorentzian
profile and the associated Q-factor can be evaluated using

_ %o
Qiz

Ta0 — 24

—_— . 36
n—y—p (36)

— In the case of a long carrier lifetime: Ty > 7,0, using
Eq. (34) we obtain simpler expressions for ¢ and p and
the overall Q-factor can now be written

woT1(y —n)x
(y— 1) [&()] [£(2) + 2]

where we have introduced

@) =(n-y)1+2)* —22 (38)

One can check that £(z) + 2 > 0. For n < 9/8, &(z) can
be null for two distinct values z1 and z3 (21 < x2) of x.
This is the bistability condition for a nonlinear absorptive
resonator [59]. At the matching values of the input pump
power, the probe cavity Q-factor dramatically increases.
The normalized reflected power at resonance given by

Q=3 (37)

2 ) 4] B (39)

Te (77 - y)f(l’)

can be higher than unity since £(z) — 0 when z — =7:
the signal probe is amplified. This behavior comes from
a differential gain [37] experienced by the probe due to
the nonlinear shape of the transmission curve of the de-
vice as illustrated at Fig. 3. One of the reasons for the
Q-factor enhancement is the bistable behavior of the cav-
ity. Indeed, in this configuration, in the bistability power
zone, the pump reflectivity and phase shift have a very
stiff profile. Consequently, the probe signal undergoes a
strong phase shift together with a steep amplitude trans-
mission. This leads to a strong dispersion as well as to
a differential amplification. Assuming now that n ~ 1,
which is possible since 1 < n < 9/8, Eq. (37) can be
written

o) = |

OJOTl.’L‘
= 40
This last equation explicitly shows that the Q-factor en-
hancement is twofold: i) as expected the photon lifetime
and thus the Q-factor are proportional to T; and ii) for
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FIG. 3. (Color online) (a) Nonlinear transfer function P, =
f(Pin) where Pout = |uo |2 of a cavity just below the bistability
threshold. We have also schematically sketched the transfer
function of a small modulation stemming from the beating
between the pump and the probe fields. (b) For input power
values close to the switching power (P;, = 0.45 in the exam-
ple), the differential gain |dP,u:/dP;in| can be very high and
can even diverge for bistable cavities.

x — x1 = 1, the Q-factor can be arbitrarily increased.
Note that this analysis is valid in the small signal limit
(lax1| < lagl). In particular, for x = 1, the pump the
signal amplitude is such high that the first order approx-
imations do not hold. The saturation of the differential
amplification can be calculated by numerically solving
Egs. (18) and (20). As already discussed, the nonlinear
transmission of the cavity at the pump frequency also
gives a strong differential amplification which can be use-
ful to compensate for residual losses of the cavity at the
probe frequency. For z ~ 0 and = > 1 Egs. (8) and
(40) give the same results; the two approaches differ only
when z ~ z; and = =~ z5. From another point of view if
n > 1 we can write

[€(2)] = &) + o~ n(l+2)?, (41)

noting that y — 1 = —1/(1 + «) one can check that Eqgs.
(8) and (37) lead to the same expression of the Q-factor.
Thus we can conclude that far from bistability, the sat-
urable absorber model used in the present calculations
is equivalent to the non-resonant pump approach shortly
introduced in section II.

— In the case of a short carrier lifetime: T7 < T,0,
the carrier density can be adiabatically eliminated and
the Q-factor enhancement only comes from the nonlinear
behavior of the cavity. The Q-factor reads

o onao{[f(x)+a:]2+:U2} o
= ) [E@) | @) T 2] (42)




In the limit of n &~ 1 and = ~ 1, @ can be approximated
by

2w Ta0
= 43
Q= 2om, (43

the Q-factor enhancement is only brought about by the
bistable effect controlled by the pump beam. Comparing
Eq. (40) and Eq. (43), we can evaluate the Q-factor
enhancement coming from the carrier oscillations which
is about 71 /(4740) for a given unsaturated absorption.

2. Dispersive regime: ag > 1

The cavity nonlinearity is thus mainly dispersive. In
this case, we can consider that x < 1 and consequently
y ~ x. We define Ag = Aryg and X = agzx. These
assumptions lead to the following expression for the re-
flection coefficient

)= 5= XZ(—i)jéTlﬁ(X) (44)

where we have defined
I(X) =n"+ (Ao +2X)? (45a)
2() = 290 [y 6Ty (Mo + X)+ (45b)

Te

J(Ag +2X 4+ ndTy)].

Assuming 677 < 1 and ‘19(X) —X2’ < 1, the reflec-
tion coefficient has a Lorentzian shape and the overall
Q-factor is given by

onl 19(X)

@= e - X7

(46)
The Q-factor enhancement mechanism is the same as in
the absorptive case. As it has been underlined in the
absorptive case, the Q-factor is proportional to the pop-
ulation lifetime 77. ¥(X) is strictly positive and thus
never goes to zero. Nevertheless assuming Ag < —+v/317,
which is the dispersive bistability condition for the pump
[60], the equation ¥(X) = X2 can have two solutions
X1 = agr; and Xo = agrs. When the normalized in-
tracavity pump energy is close to one of these two values
the Q-factor is strongly increased due to the nonlinear
phase-shift and the differential amplification. This will
be illustrated at section V.

As a conclusion, this analytical study emphasizes the
physical effects producing a strong Q-factor enhancement
in a nonlinear microcavity. Let us emphasize that the
cavity has a nonlinear behavior only for the pump beam
which induces a strong dispersion on the probe beam
via the saturation of the absorption and the population
oscillations or the cross nonlinear index. The latter effect
increases the dispersion at the probe wavelength thanks
to the stiff phase shift undergone by the probe near the
transition points of the bistable cavity transfer function.

V. NUMERICAL RESULTS

We note Qraq = WoTrad/2 and Q. = woTe/4 re-
spectively the radiative and external coupling Q-factors.
Without absorption, for a linear microcavity, the maxi-
mal attainable Q-factor is given by 1/(Q..}, +Qz1). The

Tad+Q€:
following results have been obtained in a cavity with ra-

diative losses such as 7,44 = Te.

2
associated normalized reflection is <QQ¢) . All the

A. Absorptive nonlinearity

In this section we consider a medium with a strong
absorption and negligible nonlinear dispersive effects on
the pump (agy = 0). In order to reach the pump induced
bistability regime we assume that 7 = 1.05. The aim
of this study is to show that the induced dispersion can
be used to increase the probe Q-factor. For this purpose
we have considered a long carrier lifetime such as T7 =
2507—a0~

1. Probe reflectivity spectrum

Here, we focus on the case where a pump field is set at
the cavity resonance (wp = wp). Three reflection spec-
tra are depicted Fig. 4.(a) for three different values of z.
The dash curve is obtained for z = 0, the resulting overall
Q-factor is equal to @)y and the reflection under this con-
dition is very low (< 107?) since 749 < 7. The reflection
spectrum displays a very narrow peak when x increases
(x = 0.1 and = 0.3) mainly due to the fact that a
strong dispersion is induced by the pump via the carrier
oscillations. In the meantime, the absorption saturation
increases the photon lifetime in the cavity 7 and both ef-
fects sum up to improve the reflected power. These two
effects were expected according to the basic model de-
scription at section II. The bistability does not play any
role here since the chosen values of z are sufficiently far
from the turning points (x; and xs) as shown Fig. 4.(b).
Next to the switching zone of the bistable power curve,
the probe can be amplified. At Fig. 4.(c) the normalized
intracaviy energy is set close to the first turning point
(z1) in order to obtain 100% reflectivity. This spectrum
is compared with the spectrum of an identical non ab-
sorbant cavity (o = 0). Still slightly increasing the pump
input power (x = 1.24) we do not only observe a strong
Q-factor enhancement (2.5x10*Q instead of 20Q in the
best linear configuration obtained for a = 0) but also a
selective amplification as depicted in Fig. 4.(d).

2. Frequency pulling

Frequency pulling, one of the main advantages of the
configuration discussed in this paper, has not been tack-
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FIG. 4. (Color online) (a) Probe reflection spectra for three values of  (z = 0 in dash line, z = 0.1 in full dark line and = 0.3
in full light line) for a nonlinear cavity with n = 1.05, ag = 0 and 71 = 250740. (b) Intracavity normalized pump energy as a
function of the input pump power. The inset is a zoom of the lowest part of the curve. (c) Probe reflection spectra, the value
of z = 1.152 has been set to obtain a 100% reflection (light line). The case a = 0 (dark line) coresponds to an absorption-free
linear cavity. (d) Example of a reflection spectrum with a high differential selective amplification obtained for x = 1.24 (light

line).

led yet. Figure 5 shows reflection spectra calculated for
five decreasing values of the detuning A from 0.2wq/Qo
to —0.2wp/Qo where the intracavity energy is x = 1.24.
In this figure the arrow points out the cavity resonance.
Whatever the value of the detuning may be, the probe
resonance is pulled towards the pump frequency and its
resonance is obtained at ws &~ wp (6 =~ 0). This ef-
fect has already been discussed for EIT [20]. Figure 5
also shows that the reflectivity decreases with a broader
cavity/pump detuning. This can be compensated for
by increasing the pump power. Figure 6 depicts the
same conditions for a normalized intracavity energy and
a pump detuning respectively set at: z = 1.42 and
A = —w/(15Q0). The reflectivity coefficient is about
100% and the resonance is at least two orders of magni-
tude narrower than the cavity /pump detuning.

8. Role of population oscillations

In the previous calculations we have only assumed a
long carrier lifetime. In this paragraph we compare the
reflectivity coefficients in the cases where T7 > 7,0 and
T1 < Ta0- In the first case, the Q-factor enhancement is
due to a combination of population oscillations and non-
linear effects whereas in the second case, the Q-factor
enhancement is exclusively related to the pump bista-
bility effects. At Fig. 7 we have plotted the Q-factor
enhancement in comparison with the unsaturated cav-
ity (Q-factor Qo) both for T3 = 2507, and T7 < Ta0-
For z < 0.2 and 17 = 2507,9, the Q-factor increase is
mainly due to population oscillations and for x > 0.2 the
nonlinear effect induces an additional improvement. The
straight horizontal dash line is the Q-factor of the cavity
without absorption. For high values of 77, the disper-
sion induced by the pump strongly rises the Q-factor in
comparison with the short lifetime carrier approach. For
example, in the case T1 = 2507,0, @ = 1/(Q;' + Q..))
for P, = 2.1Py (x = 0.08) whereas in the limit of very



Probe signal reflectivity Ir(ES)I2

10
(a)
10° T
Ao =0.2/Q,
10"
(b) _
107 Mo =0.1/Q,

Mo=02/Q,
05 -04 -03 -02 -01 00 01 02 03 04 05
3Q, /o,

FIG. 5. (Color online) Probe reflection spectra for sev-
eral values of cavity/pump detuning (a) A/wo = 0.2/Qo
(b) A/wo = 0.1/Q0 (C) A = 0 (d) A/UJO = —0.1/Q0 e)
AjJwy = —0.2/Qo. In all the cases z = 1.24 and the arrow
points out the cavity resonances.

T T T T T T
1.2
14 _
1.00
0.75
= 1/3000
Z 050
0.14 025 E
N_
p— 0.00
w . -1.0x10°-5.0x10* 0.0 50x10* 1.0x10°
= A= /(15Q) —— l— 5Q /o,
0.014 ; E
1E-34 4
T T T T T T
-0.6 0.4 -0.2 0.0 0.2 0.4 0.6 0.8
3Q /o,
FIG. 6. (Color online) Probe reflection spectra for A =

—wo/(15Q0) and = = 1.42 in a logarithmic scale. The in-
set depicts the resonance with a linear scale. The resonance
full width at half maximum is wo/(3000Q0).

short T, an input power P;, = 8.6P; (z = 1.02) is re-

N T=250r,,
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FIG. 7. (Color online) Quality factor for the probe signal as
a function of the normalized pump intracavity energy x for
T1 = 250740 (light line) and 71 < 740 (dark line). We have
also plotted the value of the Q-factor of an equivalent linear
cavity without absorption (dash line).

quired to obtain the same enhancement. At this power
value the Q-factor is 60 times larger at T7 = 2507, than
that at 77 < 7,0. These results highlight the convenient
effects of the population oscillations induced dispersion.
Firstly it produces an increase factor around Ti/(47,0)
and secondly it reduces the required power for a given
Q-factor enhancement. This enables us to use an input
power much lower than the switching power. Note that
near the switching point, the system is strongly sensitive
to pump fluctuations as it is the case for delay lines based
on critical slowing down [61, 62]. As a consequence the
system combining CPO and nonlinear effects is less sen-
sitive to pump fluctuations and thus much more stable
than purely nonlinear system where T < 7g0.

B. Dispersive nonlinearity

We now consider a dispersive medium with oy = 25.
We have chosen 7 = 3 to avoid absorptive bistability.
The cavity/pump detuning is set to Ag = —3v/3n/2
in order to produce dispersive bistability. In most of
the cases presented in this paragraph we have chosen
Ty = 1007,. Figure 8.(a) shows the reflectivity spec-
trum for x = 0.14; we compare this spectrum with those
without pumping (z = 0) or without absorption (o = 0).
As already extensively discussed in the absorption dom-
inated case, the cavity resonance width is strongly re-
duced and next to the switching point as shown in Fig.
8.(b) the reflection signal can be increased (|r(0)|* = 1 for
x = 0.14) in comparison with the absorption-free cavity
case (|r(0)]*=4/9). In Fig. 8.(c) the reflectivity spectra
for x = 0.14 and x = 0.156 are displayed on a smaller
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cavity which physical characteristics are n = 3, Ag = —3v/31/2, ag = 25 and Ty = 1007,0. For z = 0.14, the cavity reflection
is 100%. For comparison, the bright dash line represents the spectrum of the same cavity in the linear and absorption-free
case with a = 0 (dash light line). (b) Intracavity normalized pump energy as a function of the input pump power. (c) Probe
reflection spectra for z = 1.4 (light line) and 0.156 (full line). (d) Reflectivity spectrum calculated for z = 0.14 assuming

T1 = 100740 (light line) or Th = 2740 (dark line).

frequency span. For x = 0.14 the Q-factor enhancement
is 1350. For & = 0.156 the enhancement is around 5000
and the resonant reflectivity is close to 10. Finally in Fig.
8.(d) the reflectivity spectrum has been plotted again for
z = 0.14 and T; = 1007, but also for T3 = 27,9. We
found a ratio of 45 between the two Q-factor enhance-
ment values which is in good agreement with Eq. (46).

VI. CONCLUSION

We have proposed a simple approach, which can be an-
alytically solved, to describe population oscillations in a
nonlinear microcavity. We consider a generic TLS (semi-
conductor, atomic medium, ...) driven by a powerful
pump field and probed by a weak signal. The analyt-
ical model enables us to discuss the physical processes
which lead both to a strong enhancement of the Q-factor
and to a control of the transmission at the probe fre-
quency. The simultaneous action of population oscilla-

tions and the nonlinear response of the cavity induces
a strong intracavity dispersion and a differential gain.
This technique could be used to stabilize a microcavity
using the frequency pulling effect for example. Finally,
it is also possible to take advantage of the active con-
trol of the Q-factor via the pump beam in optical pulse
buffering applications [7]. Note that most of the param-
eters used for the numerical simulations can be reached
for usual semiconductor nanocavities. We have recently
demonstrated both Q-factor enhancement and frequency
pulling at 1.55 pm in a single mode L3 photonic crystal
semiconductor nanocavity containing four quantum wells
as driven TLS.
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