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Abstract: We have theoretically studied the effect of deterministic
temporal control of spontaneous emission in a dynamic optical microcavity.
We propose a new paradigm in light emission: we envision an ensemble
of two-level emitters in an environment where the local density of optical
states is modified on a time scale shorter than the decay time. A rate
equation model is developed for the excited state population of two-level
emitters in a time-dependent environment in the weak coupling regime in
guantum electrodynamics. As a realistic experimental system, we consider
emitters in a semiconductor microcavity that is switched by free-carrier
excitation. We demonstrate that a short temporal increase of the radiative
decay rate depletes the excited state and drastically increases the emission
intensity during the switch time. The resulting time-dependent spontaneous
emission shows a distribution of photon arrival times that strongly deviates
from the usual exponential decay: A deterministic burst of photons is
spontaneously emitted during the switch event.

© 2013 Optical Society of America

OCIS codes: (270.5580) Quantum electrodynamics; (320.7130) Ultrafast processes in con-
densed matter, including semiconductors; (320.5540) Pulse shaping; (130.4815) Optical
switching devices.
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1. Introduction

Impressive progress has been achieved in controlling spontaneous emission in the frequency
domain with nanophotonic structures [1-6], like microcavities, photonic crystals [7, 8], waveg-
uides [9-11] and nano-antennas [12]. This is possible since the spontaneous emission rate is
not an immutable property of the emitter [1,6] but strongly depends on its surroundings through
the local density of optical states (LDOS) [13]. The LDOS counts the number of modes into
which a photon can be emitted, and can be interpreted as the density of vacuum fluctuations
at the position of the emitter. A well-studied tool to enhance the average LDOS and thereby
the spontaneous decay rate for an emitter is a cavity tuned to the source’s emission frequency.
Following the pioneering work in [14], many groups have demonstrated the Purcell effect with
guantum dots embedded in solid-state microcavities [11,15,16]. In all cases, however, the mod-
ification of the LDOS isstationary in time Thus, the radiative decay rate is time independent
and the distribution of photon emission times decays exponentially in time and is completely
determined by this rate.

In this work, we theoretically propose a novel paradigm in light emission: we modify the
environment of an ensemble of two-level emitterdime during their lifetimg as mediated
by a time-dependent LDOS. This results in non-exponential time evolution of the internal dy-
namics of the emitters and the emitted intensity. By utilizing fast optical modulation of a mi-
crocavity, we can tune the cavity resonance and drastically change the LDOS at the emission
frequency within the emission lifetime. As a result, we anticipate bursts of dramatically en-
hanced emission, concentrated within short time intervals. The spontaneous emission process
remains stochastic but results in a strongly non-exponential temporal distribution of detected
photons that is completely controlled by the experimentalist. Our approach thus offers a tool
to dynamically control the light-matter coupling [17]. For modulation dynamics faster than the
cavity storage time this allows to achieve non-Markovian dynamics in cavity quantum electro-
dynamics, and thus bring the system out of the weak-coupling limit [18]. In the present study
we limit ourselves to the Markovian regime where the modulation is slower than the storage
time, which captures the essential features of the non-exponential emission dynamics.

We first derive the rate equation for the excited state population of an ensemble of two-level
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sources in a time-dependent environment modeled through a time-dependent LDOS. From the
rate equation, we determine the time-dependence of the intensity emitted from an ensemble of
two-level emitter, such as quantum dots [14] or rare earth atoms [19], under pulsed excitation
in a cavity. Since micropillar cavities are known as a versatile class of microcavities we choose
them as an example. The decay rate of the ensemble, determined by the LDOS, is switched
by exciting free carriers, which is a well-known control mechanism in the time domain for
nano-cavities [20-25].

2. Emission dynamics in a time-dependent environment

2.1. Rate equations

We consider a single two-level emitter in a medium with a strongly dispersive LR@8Sr) in

a photonic microcavity and we investigate the effect of a time-dependent LDOS, that modifies
the radiative decay rate in time. To derive the rate equation of a two-level source we start with
the equation of motion of the probability amplitude of the excited two-level engjfef [26]

with a LDOSp(w, &y, r,t’') that depends on time

dca(t) g(w—ay)(t'-t) /
TR 2ﬁeo/ / "Nowp(w,ey,r,t')e dawdt’. (1)
Hered andey are the amplitude and orientation vector of the transition dipole moment, re-
spectivelyh the reduced Planck’s constagg,the dielectric constant of vacuumthe emitter
position, andwy the emission frequency. For convenience, we only write the time dependency
of ca(t), but it should be kept in mind that the amplitucigt, r, ey, wy) also depends on, ey

andwy [27].

In the following we limit ourselves to the weak coupling regime in cavity quantum electro-
dynamics where the single emitter linewidth is narrow compared to the spectral variations in
the factor ¢p(w, €y, r,t’)). This approximation is known as tivdarkov approximatioril8] or
the Wigner-Weisskopf approximatigd8]. We thus neglect coherent interactions between the
emitter and the environment where a full quantum mechanical description is necessary. In the
Markov approximation we can takep(w, ey, r,t’) out of the frequency integral and Eq. (1)
can be simplified to

dea(t d2
Cgt( I ‘f&)/o Ca(t) 718 (t —t') coup (ay, €, 1, t)dt’. )

The integral in Eqg. (2) can be evaluated to yield [29]

da(t)  d?
T_—f&)ca(t)nahp(au,ed,r,t), (3)
which can be written as dex(t) -
Call) _ _Irad
gt 5 Ca(t)a (4)
with yaq(t) the radiative rate
d?ay T
rrad(t): ﬁa)d p(o‘)daed7r7t) (5)
€0

Equation (5) is Fermi’s golden rule [30] augmented with a time-dependent LDOS. This shows
that in the Markov limit the instantaneous radiative flatg(t) directly follows the time depen-
dence of the LDOS. In case of a time-independent LDOS thdra§ét) = IN1aq IS constant in
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time and Eq. (4) shows the well-known feature that the amplity(te decreases exponentially
with the rate%‘ [28]. Similarly, the probabilityica(t)|? of the two-level emitter to be excited
decreases exponentially according to

lca(t)[? = |ca(0)| % e (6)

For a time-dependent LDOS the rate in Eq. (6) is no longer constant and the excited state pop-

ulation decreases non-exponentially and thus deviates from the standard Markovian dynamics.
From Eqg. (4) we can write the equation of motion for the population demsity) for an

ensemble oN identical non-interacting two-level sources. To complete the model we include

a time-dependent excitation term for the sources and a non-radiative decdy,tatelhe

equation of motion for the population density becomes

dNy(t) Pexc(t)

dat Nabs ﬁwexc

— (Trad(t) + T nrad) Na(t). (7

The first term describes the excitation and depends on the excitation Pgw(€) per emitter,

the excitation frequenaoyexe and the absorption efficiency of the excitation power that reaches
the two-level source);ps The second term describes the radiative decay and the third term
the non-radiative decay. For convenience, we wkit&) only as a function of time in Eq. (7),
although for an inhomogeneous ensemble of two-level solNggsalso depends on e4 and

wy. The general solution of Eq. (7) is

Pexc(t’)
S

Not) = Noft) = No0) + (nab ) () + T Nz(t’>) o, (@)

XC

The corresponding radiated emission intenk(ty is given by [31]
I(t) = rrad(t)NZ(t)a (9)

which means that the total emitted light intensity is proportional to the instantaneous radiative
decay rate and the population density. For a low density sub-ensemble of non-interacting emit-
ters with the same emission frequerigy we should average Eq. (9) oveandey. Equation

(8) and (9) are generally valid for any set of two-level emitters in environment with a time-
dependent LDOS. Equations (8) and (9) form the basis for our further discussion and they will
be used to calculate the emission of an ensemble of emitters that experience a time-dependent
LDOS.

2.2. Time dependent radiative decay rate in a microcavity

The central goal of this work is to describe the effects of a time-dependent radiative decay rate
Irag(t) thatis realized by dynamically changing the LDOS in time at the position and frequency
of an emitter. In general, we can separate the time-dependent decay rate into a condignt rate
and a time-dependent change in the decay/XBtgy(t)

Mad(t) = Mo+ Al aq(t). (10)
whereAl 1aq(t) is proportional to the change in the LD@p(t)

2md2ay
ﬁSo

Al rad(t) = Ap(t). (11)

We assume that the time-depended part is the result of a short switching event that quickly
changes the LDOS within a characteristic switching tijg
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Fig. 1. Schematic graph of the switching process as experienced by a quantum emitter
(green) emitting at a frequenayy in the spectral vicinity of a cavity resonance whose
frequency is switched in time. The cavity has a Lorentzian local density of states (solid
line). Initially the emitter is detuned from the cavity resonangg, g by nearly one cavity
linewidth, leading to an effective radiative rdtg. The switching process moves the cavity
resonance up in frequenayay(t) (gray dashed). The cavity is then tuned into resonance
with the emitter that thus experiences a decay rate strongly enhand@dddayWithin one

cavity linewidth from the resonance, switching of the cavity resonance can be approximated
by a linear shift of the decay rate versus frequency (red dashed line).

In the following we choose as a realistic experimental situation a scheme where the emitter
is embedded in a semiconductor microcavity. The LDOS is modified in time by controlling
the refractive index by means of the free carrier density in the semiconductor, as excited by a
short optical (or electrical) pump pulsetat tp,. The induced change in the refractive index
is proportional to the free carrier density [32] and the resulting change in the LDOS depends
strongly on the dielectric structure of the microcavity [2]. The excited free carriers recombine
exponentially with a characteristic recombination timg, after which the refractive index is
restored to its original value [24, 32]. Here we ugsg = 35 ps, characteristic for GaAs [24].

It has previously been proposed to switch the LDOS by shifting the band gap frequency of a
photonic crystal [33]. In this study, however, only the change in the LDOS was considered and
not the effect on the spontaneous emission of embedded quantum emitters. Moreover, switching
a cavity resonance is a more versatile and interesting tool to modify the LDOS due to the large
LDOS change over a very narrow bandwidth.

As an example, Fig. 1 illustrates the effect of switching the resonance frequeggyof a
microcavity with a Lorentzian LDOS with linewidti,y in the spectral vicinity of an emitter
with emission frequenciyy. The single emitter homogeneous linewidth is taken to be narrower
than the cavity linewidthyem < cav), to fulfill the Markov approximation. This criterion can
easily be obtained with semiconductor quantum dots at low temperatures. The large inhomo-
geneous spectral broadening of semiconductor quantum dots further ensures that only a small
sub-ensemble interacts with the cavity and the dots can be treated as non-interacting single
emitters. Non-exponential modifications of the emission decay curve arising from non-local
effects is therefore negligible [34]. At higher temperatures dephasing and spectral diffusion
will spectrally broaden the homogeneous linewidth [35]. These incoherent broadenings will
effectively diminish the coupling to the cavity and the effect of the cavity frequency shift.

The decrease in the refractive index induced by the switching free carriers leads to a posi-
tive frequency shift of the cavity resonance frequeagy,(t) as indicated in Fig. 1 [36]. The
emitter is initially detuned from the cavity resonance and experiences a low radiatiVgtate
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During the switch event the cavity peak is tuned into resonance with the emitter as shown as the
dashed Lorentzian in Fig. 1. This change results in a rapid increase in the LDOS at the emitter
frequency and greatly enhances the decay IFaigt) from the initial valuel 54(0) =g to

its maximum value of aq(At) = g+ Al1ag @and back td o within a time At. The effective
switching time in this scenario is therefore given by

B At
| @eav(At) — Oll:av,0|

A shorter effective switching time can thus be realized by either a faster tuning of the cavity
resonance in tim@t or by increasing the spectral tuning range relative to the cavity linewidth
Yeav Within the timeAt.

We note that this switching procedure is very flexible and we can effectively move along
different trajectories on the cavity’s LDOS by choosing the initial detuning and strength of
the switching effect. An alternative configuration is where the emitter starts on resonance and
experiences a radiative rate that is already Purcell enhanced. The switch then detunes the cavity
resonance away from the emitter’s frequency and thus inhibits the spontaneous decay rate. In
general, the steep slope of the cavity LDOS gives a rapid change in the LDOS that can be used
to either greatly enhance or inhibit the radiative decay rate, relative to the unswitched rate.

For an initial detuning between the cavity and emitter frequency smaller than the cavity
linewidth (cwy — twravo < Yeav) We can approximate the steep slope of the Lorentzian resonance
as a linear trend shown as the red dashed line in Fig. 1. We can therefore effectively make a
linear approximation between the excited free carrier density and the radiative decay rate. For
a typical switching pulse with a Gaussian temporal wigih= 120 fs, that is much shorter
than the carrier recombination time (35 ps, see [22—-24]), we can separate the excitation and
relaxation time scales of the free carriers. Using the linear relation between the carrier density
and the decay rate discussed above, we can decompose the time-dependent decay rate as

Yeav- (12)

Tsw

—(t—topu)

p
Mad(t) =To+AlNage” ™ Ot — topu Tpu) (13)

namely a constant decay rdig, and a change induced by the switch that is turned on at time
topu- The change is initiated by a Heaviside step function and the magnitude of the switched
term in Eq. (13) then decays exponentially with an effective switching time comparable to the
free carrier relaxation time.

Two realistic examples of Eq. (13) are shown in Fig. 2, plotting the normalized time-
dependent decay rate for a situation where the decay rate is either enhanced or inhibited locally
in time. The upper curve (long dashed) depicts the situation where the cavity resonance, ini-
tially off-resonance, is tuned into resonance with the emitter as illustrated in Fig. 1. As a result
the radiative rate is greatly increased at 10 ps before decreasing again at a rate set by the
inverse switching time. Similarly, the lower curve (short dashed) illustrates the situation where
the emitter is initially on resonance and the cavity is switched out of resonance. In the exam-
ples in Fig. 2 we use either an enhancement or inhibition by a factor of 5, which is a realistic
change observed on ensemble of quantum dots in micropillar cavities [14]. Note that a constant
relative decay rate df4q(t) /o = 1 corresponds to the unswitched case, typical for all Purcell
experiments performed to date [11,14—16]. Most striking is the fast dynamics in the decay rate:
both the switch pulse duratiop, and the exponential decrease with decay tiggare much
faster than the intrinsic lifetime/IT' o = 1 ns typical for quantum dot emitters.

2.3. Figure of merit for pulsed excitation

In this section we study the dynamics for the excited state population of emitters after a pulsed
excitation, when the environment is subsequently switched during their decay time. We assume
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Fig. 2. Radiative decay rate normalized to the unswitchedta{solid line) as a function

of time after exciting the emitter. The two thick curves show the result of a switching event
attopy = 10 ps that either enhances (long dashed) or inhibits (short dashed) the decay rate
by a factor of 5. The modified decay rate relaxes back to the unswitched rate within the
effective switching time ofsy = 35 ps after the switching event.

that a short excitation pulse with amplituBgyc initializes the system dt= tgexc Such that we

have an initial population densityx(t = toexc) = Noz2. After the excitation pulse the dynamics

of the population density is governed only by the time-dependent decay rate and this gives a
monotonous decrease in the population density. If we approximate the short excitation pulse
by a Dirac delta puls@:yc(t) = d(t — toexc)Poexc in the rate equation (Eqg. (7)) it can be solved
analytically for times after excitationt & toexg). In this case Eq. (7) simplifies to

d Nz(t - tOexc)

dt = (rrad(t - tOexc) + rnrad) N2 (t - tOexc)7 (14)
which can be integrated to yield
t—toexc ’ ’
N2 (t — toexc) = NozeXp (/O - (rrad(t )+ rnrad) dt > . (15)

Equation 15 describes the population density for any time-dependent decdy.gét as a
function of timet after the excitation process is over. Despite the time-integral in Eq. (15) the
equation does not describe non-Markovian dynamics, since the dynamics only depends on the
present time (Eq. (14)) and only accumulate changes from the modification in the LDOS and
not the light-matter dynamics [37]. Inserting the switched decay rate Eq. (13) into Eqg. (15) and
solving the integral over the constant part of the decay rate yields

N2 (t — toexd) = Noze*(r0+r0nrad)(t*t09xc)*Aarad(t) (16)
where we have defined a dimensionless time-dependent switch pardmgtgr)

~(t' ~topy)

t p
Adrad(t) = /O AT rage™ 0 O(t — topu, Tpu)dY. (17)

This parameter is a figure of merit that describes the relative change in the population density
due to the change in the decay rate. A negafiugq(t) results in a population density that
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decays slower compared to the unswitched situation, while a poAitiyg(t) results in a faster
decay. If we assume that the duration of the switch pglsés short compared to the effective
switch timetsy, the integral in Eq. (17) can be split into two parts - before and after the switch
t = Tpu - andAayag simplifies to

7(17t0pu)
Aarad(t) = Arrad.[sw (1 — e Tsw ) @(t — t0pu, Tpu) (18)

Here O(t — topy, Tpu) is a step function from 0 to 1 that accounts for the fact that there is no
change in the decay rate before the switching pulse arrives=dpp,. In the limit of timet
going to infinityAaaq(t) becomes

Equation (19) shows th#o,4(t) is nonzero even in the long-time limit and is given by a prod-
uct of the switch magnitudArl 4 the effective switch duration. The switch therefore has an
effect on the population dynamics even long after the switch event. The dimensionless switch-
ing parameted., is therefore a useful figure of merit for the total switching effect on the
excited state population.

We can quantify the effect the switch has on the population at long times by using Eq. (16)
and the limit in Eg. (19) to calculate the ratio between the switched population déhsityd
the unswitched population denslg,s in the limit of t tend to infinity

No(t) - arragtsw

—Aa
e ~H~, 20
t—o Noys(t) (20)

Equation (20) quantifies the long term effect of the switching on the population density as a
result of a momentarily short change in the decay rate.

2.4. Population dynamics for pulsed excitation

Figure 3(a) displays the excited state population Eq. (16) for four cases: two without a switch
pulse (solid lines) with two different decay ratdg & 1 nst andlg = 5 ns 1) and two with
switching pulses (solid lines) resulting in the time-dependent decay rates shown in Fig. 2. In the
two stationary cases, as expected, the population decay exponentially with their initifllgrates
The green long dashed curve shows the case where a switch tunes the cavity into resonance with
the emitter and induces an enhanced decay rate by a factoAbf& & 47 o) fromMg=1ns L.
The red short dashed curve represents the opposite case where a cavity is tuned out of resonance
by the switch and induces an inhibition in the decay rate by a factor of 5 starting from a high
initial rate Mg = 5 ns™*. For the two switched examples the population density clearly decays
non-exponentially.

Before the switching pulse the population decays exponentially with the same rate as in
the unswitched case. In the enhanced case as the switching pulse artive,at= 150 ps
the population decreases faster and thus deviates from exponential decay. During the effective
switching time of 35 ps the population density continues to deviate from an exponential decay.
A few switching times latert(> 250 ps) the decay rate returns to its original value but the
absolute value of the populations is reduced compared to the unswitched case. Using Eq. (16)
and the figure of merit (Eq. (19)) we see that the larger decay rate induced by the switch depletes
the excited state population faster, thereby lowering the population density at long times. The
situation is reversed for a switch that induces an inhibition of the spontaneous emission: the
population also experiences a non-exponential decay after the switch; however, the population
is now larger than its reference value (unswitched case) at long times.
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Fig. 3. (a) Time resolved population density for an emitter excitéeatyc = 0 ps showing
the effect of two different switch eventstat tpy = 150 ps. The chosen parameters model
the effect of a switch event that either tunes a cavity resonance into (green long dashed)
or out of (red short dashed) resonance with the emitter frequency. Without switch the pop-
ulations decay exponentially with a ratefof = 1 ns andlg = 5 ns 1, respectively, in
the two examples (solid lines). The switch event leads to an enhanced or inhibited radiative
rate by a factor of 5 relative to the unswitched rate. These time-dependent rates result in a
short decrease or increase in the populations relative to the unswitched cases. At long times
after the effective switching timey,, = 35 ps, the slopes tend to their initial values for both
examples. (b) The corresponding spontaneous emission intensities from the emitter relative
to the initial values after excitation for the same two examples presented in (a). The small
changes in the population density corresponds to large changes in the emitted intensity.
Switching the cavity into resonance with the quantum dot (green long dashed) results in a
sharp burst of intensity with a temporal durationrgf. Tuning out of resonance leads to a
fast drop in the intensity.

2.5. Emission dynamics for pulsed excitation

We now continue to the emission dynamics from emitters in a switched environment. According
to Eq. (9) the emitted intensityt) is the product of the excited state population and the radiative
rate that is also time-dependent. Modifications to the decay rate are therefore directly reflected
in the total emitted intensity. For large dynamic changes in the decay rate, we therefore expect
correspondingly large changes in the emitted intensity. One striking consequence is that for
a time-dependent decay rate the population density and the emission intensity are no longer
directly proportional, contrary to the results in the steady-state case [31].
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Inserting the dynamic decay rate Eq. (13) and the population density Eq. (16) into Eq. (9)
yields the emitted intensity

I (t) == (ro + Arrad(t)) N02e7r0t0t(t7tOEXC) 7Aarad(t)®(t — tOexc, Texc), (21)

—(t—topu)

whereAl 44(t) = Al'radeTwp O(t —topu, Tpu), andAa (t) is given by Eq. (18). The main dif-
ference between the population density dynamics Eq. (16) and the emitted intensity is the pres-
ence of the decay rate prefactdry + Al 1aq(t)). In addition, the intensity in Eq. (21) is still
proportional to the population density so that the influence of the switching process remains
visible in the emission intensity even long after the switch event has passed as discussed in
section 2.3. The relative intensity to the unswitched intensity at long times is thus given by
limg o | (t)/Ius(t) = e Arad™sw as the exponent in Eq. (21) is the same as in Eqg. (20) and the
time-dependent decay raM€ 44(t) in the prefactor tends to zero a long times.

Figure 3(b) shows the normalized emission dynamics corresponding to the population den-
sity in Fig. 3(a): one where the radiative rate is quickly enhanced from an initial low rate of
o = 1 ns ! and another where the radiative rate is inhibited from a high vallig f5 ns 1.

The emitter is excited d@tx = 0 ps, followed by an exponential decay of the emission intensities
with the same rate as the population density as expected in the weak coupling limit. A switching
pulse arrives &t = tp, = 150 ps whose effect is to either quickly enhance (green long dashed)
or inhibit (red short dashed) the radiative decay rate from the initial rate by a factor of 5.

In the case where the switching pulse enhances the decay rate we see in Fig. 3(b) a short and
intense burst on top of the normally decaying signal; the intensity thus strongly deviates from
an exponential decay. The relative magnitude of the enhancement is equal to the maximum
Purcell enhancement and the temporal shape closely follows the modulation in the decay rate
as expected from Eqg. (21). In this example the temporal shape follows the exponential change
in the decay rate and the width is limited by the effective switching time of 35 ps. This time is
much shorter than the minimum Purcell enhanced decay timeSfgl=* 200 ps. Let us note
in pasing that the effective switching time could be engineered to be as short as 2 to 3 ps by
either decreasing the free carrier lifetime [38] or increasing the frequency shift of the cavity
resonance. For times much longer than the switch time, we see a lower intensity relative to
the unswitched case due to the depletion of the population density of the emitter discussed in
Sec. 2.3.

In addition to changing the real part of the refractive index the excited free carriers also
introduce absorption of the light in the cavity. As discussed in Appendix A the qualitative
features in Fig. 3(b) with an intense photon burst are robust against realistic levels of free
carrier absorption, with only minor reduction in the peak height of 15% for a quality factor of
around 1000. For cavities in GaAs with higher Q where a lower free carrier concentration of
N ~ 10'® cm~3 is sufficient to switch several linewidths, even lower reductions are expected.

In the second case in Fig. 3(b) the switching event inhibits the decay rate, which results in a
short temporal drop in the emission intensity relative to the stationary case. The temporal dura-
tion of the drop is again limited by the switch time. The drop in intensity exemplifies a highly
unusual shape for a decay curve where the radius of curvature, during the free switching time,
is negative during the decay. In the traditional paradigm of steady state spontaneous emission
such a negative radius of curvature would be unphysical. An exponential decay with a station-
ary decay rate or even a sum of exponentials with stationary rates will always reveal a positive
radius of curvature in the resulting decay curve. This shows the flexibility of the switching
mechanism to shape the temporal emission distribution of the emitted photons at will.
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3. Discussion

Spontaneous emission is a stochastic process for a photon to be emitted from an excited light
source [28]. It is thus impossible to predict the exact time when an excited source will emit
a photon. On the other hand, the distribution of photon emission times, averaged over many
excitation cycles, is usually well-known. In the weak coupling limit the distribution of photon
arrival times is exponential and characterized by a single rate given by Einstein’s A coefficient.
Much interest has been devoted to controlling spontaneous emission by modifying this rate us-
ing the Purcell effect by embedding emitters in a nano-structured environment [2, 11, 14, 15].
Several schemes have been implemented to tune the decay rate in time such as gas deposi-
tion, temperature and, electronic gating. However, the modification in the rate has in all cases
remained constant in time during a single decay process. For this reason, the distribution of
photon arrival times remains single exponential, and is simply described by one enhanced or
inhibited single exponent.

We have here introduced a new paradigm with dynamic control of the local density of states
in time using all optical switching. The spontaneous emission process remains stochastic in
time but the dynamical change in the decay rate results in a strongly non-exponential temporal
distribution of photon emission times. The active switching process allows us to deterministi-
cally control the photon distribution in time. We have shown (in Fig. 3) that photon arrival times
can be bunched in short bursts where timing and duration of the burst can be fully controlled by
the experimentalist. Naturally, within these short emission pulses, the individual photons still
arrive at unpredictable moments in time. This approach is thus different from [39] where an
essential non-adiabatic process is necessary to create an enhanced emission intensity.

On a fundamental level spontaneous emission arises from the interaction between a single
guantum emitter and fluctuations in the vacuum field at the emitter position [1, 28]. By dynam-
ically modifying the environment of the emitter our approach gives direct temporal control of
the local strength of the vacuum field on timescales much shorter than the excited state lifetime.
As shown in Fig. 3 this allows to manipulate the excited state probability for a quantum emitter
in time and subsequently control the time dependence of the single photon wave function of
the emitted photon. Such control opens great prospects in quantum information processing and
allows to shape the photon wave function emitted by single photon sources, for example for op-
timal mode matching of photons [40] and to enhance the absorption of single photons [41,42].
More generally, by dynamically tuning a cavity in the vicinity of a quantum emitter we can
drastically modulate the light matter coupling between the emitter and the cavity mode. This
offers interesting prospects where a system is modulated between the weak and strong coupling
regime while emitting a single photon [43]. More complicated coherent quantum systems can
be employed to offer more control of the emitted single photons [44], although this goes beyond
the present scope of spontaneous emission control.

For very fast switching events the decay rate of the emitter can no longer adiabatically follow
changes in the environment and the decay rate is not proportional to the instantaneous LDOS
but depends also upon the past history of changes in the LDOS [18]. Our method thus offers a
novel tool to realize non-Markovian dynamics in cavity quantum electrodynamics, namely by
very fast modulation. This means that for example a coupled cavity-emitter system that would
be weakly coupled in the steady state case can be brought out of the weak coupling limit by
switching of the cavity resonance faster than the inverse storage time. To treat this regime a full
coherent model describing the emitter-bath interaction is needed. The internal non-Markovian
dynamics of the emitter can in this case be detected for example using a time- and frequency
gating technique [45].

For a large ensemble of emitters our approach offers a tool to implement a bright ultra-
fast light source based on spontaneous emission with a low temporal coherence. This source
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has potentially much shorter pulse duration than electronically controlled LEDs. The photon
gtatistics of such a source differs significantly from known laser action such as Q-switching
or cavity dumping). An ultrafast low coherence source may find applications in speckle-free
imaging which requires low coherence [46].

4. Conclusion

We have demonstrated that by dynamically controlling the local density of states, the radiative
decay of emitters can be drastically modified during the characteristic decay time. For pulsed
excitation the dynamic decay rate results in a strongly non-exponential distribution of photon
arrival times. A figure of merit has been introduced, that quantifies the total effect of the mod-
ulation on the spontaneous emission dynamic. The introduced model is geared toward experi-
mental validation using free carrier switching of micropillars cavities with embedded quantum
dots.

A. Effect of free carrier absorption on the dynamic emission intensity

In this appendix we discuss the expected linewidth broadening of a switched cavity as a re-
sult of free carrier absorption and quantify the effect on the dynamic emission intensity for
emitters embedded in a switched cavity. The free carriers modify both the rea gadtthe
imaginary part” of the complex refractive indexwhose components are linked through the
Kramers-Kronig relations. Thus, the free carriers induce absorption of the light in the cavity.
The absorption manifests itself as a broadening of the cavity linewidth during the switch event.
For applications where the interest is in the photons emitted from the cavity, such losses are an
unwanted effect. A side effect of the loss mechanism, and the associated linewidth broadening,
is a decrease of the local density of states experienced by the emitter, which can be exploited
as an additional switching mechanism.

To assess the effect of the free carrier absorption on the linewidth we obtain a relation be-
tween broadening of the cavity resonance and the switching magnitude both normalized to the
unswitched linewidth. We first separate the total cavity linewidth into a sum of the intrinsic
linewidth of the unswitched cavity and a loss rate due to free carrier absorptig).

y(t) = v +yalt). (22)

For GaAs, the Drude model is a good approximation for relatively low carrier concentration
N < 10'° cm~3 after thermalization of the free carrierstat 6 ps. Within this approximation,

the imaginary part of the refraction index and therefore the lossyéte is proportional to

the free carrier concentratios. Similarly, the change in the real part is proportionaNtoTo

first order we can therefore assume a linear relation between the shift of the cavity resonance
frequencyAw(t) and the loss rate for small frequency shifts. Defining the relative shift as

Aw(t
s = 220 (23)
Vi
the relative linewidth can be written as
@ =1+a8t) (24)
|

wherea is a phenomenological constant. Equation (24) directly relates the relative broadening
of the cavity linewidth with the switching magnitude. There are not many sources for the ef-
fective losses caused by free carrier absorption. Nevertheless, we can aftoantprevious
published data on switched GaAs planar cavities [48]. The relative linewidth as function of the
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Fig. 4. The effect of free carrier absorption on the time resolved emitted intensity for emit-
ters embedded in a switched cavity. After the emitter is excitéd=atyx = O ps the cavity
resonance is switched one linewidsh= Aw/y = 1 att = tpy, = 150 ps. At this time the
radiative decay rate is increased Al,5q = 4o from g = 1 ns 1. Afterwards the res-
onance frequency relaxes exponentially back to its original value with a switching time
of tsw = 35 ps. The black dashed line shows the emitted intensity neglecting the effect of
free carrier absorption whereas the red line include absorptionanitt0.083 extracted
from [47]. The free carrier absorption only inflict a reduction of 15% on the height of the
peak intensity.

switching magnitude is extracted for the same data in Fig. 3.8 in [47] and is consistent with [49].
A value ofa ~ 0.083 fits the data remarkably well for shifts smaller than 4 linewidths, which
yields an increase in the linewidth by 25% for a 3 linewidth switch.

With the considerations above we can study the effect of free carrier absorption on the time
resolved emission curves in Fig. 3(b). The absorption contributes via two effects to the emitted
intensity. First, the absorption decreases the effective quality factor, Q. In the weak coupling
limit the radiative ratd 5q(t) is proportional to Q and the radiative rdigg(t) must be scaled
by yi/y(t). Secondly, a fractiofil — y/y(t)] of the photons emitted into the cavity is absorbed,
and only the remaining fractiop/y(t) leaves the cavity to be detected. The modified time-
dependent intensity is therefore

2 t—t
I(t) = Mrad(t) (L) NOZeXp(_/ Oexcirrad(t/)dt/) . (25)
y(t) 0 y(t')
whererl 54(t) is given by Eq. (13) ang;/y(t) is the inverse of Eq. (24). Similarly to the de-
scription in Sec. 2.2, we assume a linear relation between the switching magsitudad the
free carrier concentration. Thug(t) has the form

~(t-tgp)

S(t) = e~ Ot — topu, Tpu) (26)

whereS is the maximum frequency shift of the cavity resonance relative to the initial cavity
linewidth.

Equation (25) cannot be solved analytically and must be integrated numerically. The result
is shown in Fig. 4, that compares the time resolved emission intensity with and without free
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carrier absorption. Without absorption the intensity curve is identical to the green dashed line
in Fig. 3(b) that shows the characteristic strongly non-exponential decay dynamics with an
intense photon burst at the switching timé at 150 ps. When including free carrier absorption
(solid red line) witha = 0.083 and a switching magnitude of one linewi&h= 1, the shape

of the peak is barely modified.. We only observe a small reduction by 15% of the original peak
and a gentler slope back down to its unswitched dynamics compared to the direct change in the
free carrier concentration. The intensity dynamics is therefore hardly affected by free carrier
absorption.
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