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Modulation response of quantum dot nanolight-emitting-diodes exploiting
purcell-enhanced spontaneous emission
T. Suhr,a兲 N. Gregersen, M. Lorke, and J. Mørk
Department of Photonics Engineering, DTU Fotonik, Technical University of Denmark, Ørsteds Plads 343,
DK2800 Kgs. Lyngby, Denmark

共Received 17 January 2011; accepted 28 April 2011; published online 24 May 2011兲
The modulation bandwidth for a quantum dot light-emitting device is calculated using a detailed
model for the spontaneous emission including the optical and electronic density-of-states. We show
that the Purcell enhancement of the spontaneous emission rate depends critically on the degree of
inhomogeneous broadening relative to the cavity linewidth and can improve the modulation speed
only within certain parameter regimes. © 2011 American Institute of Physics.
关doi:10.1063/1.3592571兴
The continued increase in data processing speed is limited by the power consumption and heat generation of electrical wiring. It has been suggested instead to exploit optical
busses, which in turn require ultrasmall and low-power optical sources that can be modulated at very high speeds.1
Nanolight-emitting-diodes 共nanoLEDs兲 are nanostructured
light emitting devices and appear as a promising technology
that also has the potential of cheap mass fabrication. In
these structures, a photonic crystal defect nanocavity is employed to strongly confine the optical mode, thereby enhancing the carrier recombination rate via the Purcell effect.2
However, a better understanding of the limitations of these
devices is needed. It was recently shown3 that in quantum
well 共QW兲 nanoLEDs and nanolasers the Purcell enhanced
spontaneous emission is severely limited compared to earlier
predictions.4,5 The limitation originates from the broad-band
nature of QW transitions as compared to the narrow optical
density of states implied by a high-quality nanocavity. Quantum dots 共QDs兲, on the other hand, have discrete energy
states, but are subject to inhomogeneous broadening due to
size fluctuations stemming from the fabrication techniques.6
In this letter, we report a detailed investigation of the modulation speed of QD based nanoLEDs and establish necessary
conditions to achieve high modulation speed. We limit the
scope to below threshold operation, where spontaneous
emission dominates the recombination processes.
We consider an ensemble of QDs embedded in a high-Q
cavity and model the dynamics using the rate equations
Ṅ = J − Rc − Rb ,
Ṡ = ⌫Rc −

S
,
p
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Rc + Rb =

冕冕

e f 2共1 − f 1兲A21LdhdE.

共3兲

For the electronic density-of-state 共DOS兲 共e兲, a wetting
layer and a Gaussian distribution of QD energies with standard deviation  representing inhomogeneous broadening, is
taken into account. The factor A21 contains the optical DOS
共op兲 and is stated in full in Ref. 3. It is also given by A21
= ophB21, where B21 is the Einstein B coefficient. op is
modeled as a Lorentzian lineshape 共times the Purcell enhanced two-state recombination rate in bulk7兲 within a photonic band gap and with a bulk background. The homogeneous broadening 共L兲 is modeled as a Lorentzian with fullwidth at half-maximum ␥ and the hole and electron quasiFermi functions 共f 1 and f 2兲 are determined from the total
carrier density. The Purcell enhancement is given by8 F
= 共6Q兲 / 共2Vn兲, where Vn is the mode volume measured in
half wavelengths cubed 关 / 共2n兲兴3. An example of the electronic and optical DOS is shown in Fig. 1. Notice that the
model assumes local equilibrium between QD and wetting
layer states,9 which is consistent if the capture time, usually
on the order of a few picoseconds or less,10 is smaller than
the inverse of the modulation frequency predicted by the
model. Furthermore, scattering rates need to be low enough,

共1兲
共2兲

where N is the total 共QD ground level and wetting layer兲
carrier density, S is the photon density, J is the injection
current density, Rc 共Rb兲 is the spontaneous emission coupled
into the cavity mode 共to all other modes兲, ⌫ is the confinement factor and  p = Q / c is the photon life time given by the
cavity quality factor and resonance frequency. An important
difference from standard rate equations7 is that the spontaneous emission is Purcell enhanced and is calculated using a
a兲

detailed model of the interaction between a confined optical
mode and the possible electronic transitions3,7

FIG. 1. 共Color online兲 Illustration of the inhomogeneously broadened electronic DOS and the optical DOS. The latter consists of a Lorentzian cavity
resonance inside a background DOS with a photonic band gap. The band
gap of the wetting layer is 1 eV.
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FIG. 2. 共Color online兲 The maximum 3 dB-bandwidth as function of
Q-factor and inhomogeneous broadening. The contour lines are drawn for
constant modulation speed 共in gigahertz兲. The devices A and B, treated in
detail in Fig. 3, and the optimum Q are indicated. The parameter values used
are listed in Table I.

FIG. 3. 共Color online兲 The 3 dB-bandwidth 共solid兲, Rc 共dashed兲 and Rb
共dotted兲 at Q = 2000 for an inhomogeneous broadening of 100 eV 共device
A, top兲 and 10 meV 共device B, bottom兲. The dot-dashed indicates the photon
life time limit and the arrows indicate the transparency current for A and B.
For device A, Rb ⬍ 100 m−3 ps−1 and is, therefore, not shown.

f 3dB =
that the modulation response is not reduced by the scattering
itself.11
From this model, we calculate the 3 dB-bandwidth below threshold using a small-signal analysis. We set f 2 = 1
− f 1 = f and use the transparency condition 共f = 1 / 2兲 as a
lower bound for the threshold and plot the maximum modulation speed below this value. The result is displayed in Fig.
2 for a range of Q-factors and inhomogeneous widths using
the parameters in Table I. We here, choose a value for homogeneous broadening appropriate for low temperature and
low density in order to be able to see the effect of inhomogeneous broadening. Two interesting trends are seen: 共1兲
when increasing the Q-factor, the 3 dB-frequency goes
through a maximum at Q ⬃ 500. The initial rise is due to the
Purcell enhancement increase with Q. The decrease at large
Q-factors is an intrinsic feature of all resonators and is due to
the photon life time becoming large, prohibiting fast operation. 共2兲 When increasing the inhomogeneous broadening
above ⬃0.5 meV, the 3 dB-frequency decreases, whereas it
is almost constant below ⬃0.5 meV. Both features can be
understood from a small-signal expression for the 3 dBbandwidth derived from Eqs. 共1兲 and 共2兲
TABLE I. Parameters used in the calculations. Notice that the differential
bulk life time 共21兲 is the transition time between two states 共Ref. 7兲 and is
chosen so the bulk carrier life time is 1 ns.
Parameter
Cavity resonance 共ប0兲
Refractive index 共n兲 共see Ref. 7兲
Mode volume 共Vn兲 共see Ref. 12兲
Homogeneous broadening 共␥兲 共see Ref. 13兲
Temperature 共T兲 共see Ref. 13兲
3D density of dots 共QD兲 共see Ref. 14兲
Confinement factor 共⌫兲
Photonic band gap 共see Ref. 15兲
Differential bulk life time 共21兲

Value
0.8 eV
3.4
1
100 eV
100 K
2 ⫻ 104 m−3
0.01
0.2 eV
125 ps

1 2 2 −1/2
关 +  兴 ,
2 p r

1
= R + R .
r N c N b

共4兲

Below transparency, r is well described by NRb = 0 and
NRc = 2BN0. Here, N0 is the steady state carrier density and
B can be approximated by
B=

⌫p
F
,
21QD ⌫ p + ␥ + ⬘

⬘ = 冑2 ln共2兲 ,

共5兲

where 21 is the electron-hole recombination time for two
states in bulk,7 QD is the three-dimensional 共3D兲 density of
dots and ⌫ p = 2 ប /  p is the cavity linewidth. At low Q-factors
f 3 dB is governed by 1 / r, which increases with Q, but at
high Q-factors the bandwidth is limited by the term  p
= Q / 0. The Q-factor giving the maximum bandwidth is
found for Q f 3 dB = 0 which for ␥ + ⬘ Ⰶ ⌫ p equals 共for N0
= QD / 2兲
Qopt =

冑

2
021Vn .
6

共6兲

In Fig. 2, Qopt is indicated by the blue line and is seen to
deviate from the value in Eq. 共6兲 when ␥ + ⬘ becomes comparable to ⌫ p. For increasing inhomogeneous broadening,
Eqs. 共4兲 and 共5兲 reproduce the decrease observed in Fig. 2 for
large .
Figure 3 plots f 3 dB and the recombination rates against
the injection current density 共J兲 for the two devices marked
in Fig. 2, one with  = 100 eV 共device A兲 and one with 
= 10 meV 共device B兲, both with Q = 2000. The arrows in Fig.
3 indicate lower bounds on the threshold, namely where f
= 1 / 2, indicating the validity range of the present model. The
3 dB-frequency for device A is seen to increase with J until
it becomes limited by the photon life time and the spontaneous recombination is dominated by emission into the cavity.
For device B, Rc increases with J until the quasi-Fermi level
separation becomes larger than the cavity resonance energy.
After this point Rc becomes constant and Rb rises sharply.
This is reflected in f 3 dB which goes through a maximum and
then decreases as NRc → 0 关see Eq. 共4兲兴. The final increase is
due to Rb that becomes large when the wetting layer states
become important.
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hancement and is limited by the photon escape rate for high
Q-factors, giving an optimal Q-factor. At large broadenings,
the 3 dB bandwidth is reduced due to the electronic DOS
becoming much broader than the optical DOS. Figures 2 and
4 show that with today’s technology nanoLEDs are not competitive with conventional devices and improvements of the
techniques to produce QD ensembles with low broadening
are therefore required in order to unlock the full potential of
nanoLEDs.
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FIG. 4. 共Color online兲 The maximum 3 dB-bandwidth as function of
Q-factor and inhomogeneous broadening. The contour lines are drawn for
constant modulation speed 共in gigahertz兲. The parameters are listed in Table
I except that the homogeneous broadening is 10 meV and room temperature
is considered.

In Fig. 4, we plot f 3 dB for the same range of Q-factors
and  as in Fig. 2, but for a homogeneous broadening, ␥, of
10 meV corresponding to room temperature operation.13,16
The same general dependence on Q and  is seen, but the
maximum 3 dB-bandwidth is significantly lower. The modulation bandwidth is seen to become independent of the inhomogeneous broadening, , for  Ⰶ ␥. Note that f 3 dB continues to increase even for  ⬍ ␥ as the width of the distribution
is inversely proportional to ␥ +  关see Eq. 共5兲兴.
In conclusion, we have calculated the 3 dB-bandwidth
for QD nanoLEDs using a detailed model for the spontaneous recombination. It was found that for inhomogeneous
broadening smaller than the homogeneous broadening, the
modulation bandwidth initially increases with the Purcell en-
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