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The small signal modulation response of semiconductor lasers is commonly used to predict large

signal modulation capabilities. Recent experiments suggest that this prediction may fail in some

quantum dot (QD) lasers. We present a model supported by experiments, which shows that when

the small signal modulation response is limited by gain compression and the gain is large, the laser

can be modulated at very high bit rates. This effect is inherent to dynamics governing all

semiconductor lasers but the conditions needed for high bit rate modulation in the presence of

narrow small signal bandwidths are only obtainable in QD lasers. VC 2013 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4795130]

The small signal bandwidth of semiconductor lasers is

commonly used as a predictor to their large signal modula-

tion capabilities. A given bandwidth of F GHz is assumed to

enable modulation at �F/0.7 Gbit/s,1 similar to the case of

linear and quasi linear systems such as modulators and

receivers. Dynamical properties of quantum dot (QD) lasers

have been studied for many years2 and basic modulation

properties are well documented. Recent reported experi-

ments3,4 showed, however, that in some QD lasers, the small

signal bandwidth may vastly underestimate the digital modu-

lation capabilities. In Ref. 3, a GaAs laser emitting at 1.3 lm

with a bandwidth of 11 GHz was modulated at 25 Gbit/s.

This laser comprised eight dot layers and had a modal gain

of 46 cm�1. In Ref. 4, an InP based QD laser, where four dot

layers were used yielding a modal gain of 40 cm�1 showed a

bandwidth of 5 GHz and was modulated successfully at 15

Gbit/s. These results were attributed5 to the complexity of

carrier and gain dynamics in QD lasers.

It is well known that the small signal bandwidth in most

QD lasers is limited by the large nonlinear gain compression

factor (commonly known as e)5–7 and by the moderate modal

gain.8,9 Recent advances in QD material growth led to im-

pressive increases in the gain10,11 but since e remains large,

the small signal bandwidth in all reported QD lasers does not

exceed 10–12 GHz, except for QD lasers exploiting tunnel-

ing injection at �1 lm.12 It turns out that the two reported

QD lasers exhibiting digital modulation at large bit rates3,4

have particularly large modal gain values. We postulated,

therefore, that large gain lasers whose small signal is limited

by a large e (which may stem from basic material nonlinear-

ity or from long transport times13) may be modulated at large

bit rates. We demonstrate our hypothesis using a standard

model for QD laser dynamics, which we compare with a new

experiment describing the modulation properties of a GaAs

QD laser emitting near 1.3 lm. We further show that the dy-

namical properties we explore are inherent to the nature of

the carrier and gain dynamics of all semiconductor lasers.

However, the conditions of an e, which is sufficiently large

to limit the small signal bandwidth and a large gain, are only

obtainable in practice in QD lasers.

In order to motivate the modeling, we present experi-

mental characterizations of a QD laser comprising 15 layers

of InGaAs QDs with a nominal thickness of 2.5 monolayers

separated by 33 nm GaAs barriers. The large number of QD

layers and the very wide barriers are responsible for major

carrier transport limitations, which yield a very large e.
Indeed, the measured small signal modulation response

shown in Fig. 1(a) reveals a highly damped response with a

very narrow bandwidth of only 2 GHz. The modal gain of a

similar laser was measured in Ref. 8 to be �3.6 cm�1 per

QD layer; the large total gain results of course from the large

number, 15, of QD layers. The large signal modulation prop-

erties were examined using a pseudo random bit streams at

various rates, bias levels, and drive current amplitudes. The

best result is presented in Fig. 1(b), which shows a clearly

open eye diagram at 8.5 Gbit/s with an on/off ratio of 3 dB.

This modulation rate is not possible by simple predictions

based on Fig. 1(a). However, we show below that both the

small and large signal modulation capabilities are consistent

with modeling provided that the proper device and material

parameters and operation conditions are used.

The QD laser was modeled using a standard four energy

levels rate equation model similar to Ref. 14 with only one

carrier type (electrons) injected in a cascaded process and

two photon density rate equations describing emission from

the excited and ground states. The carrier injection scheme is

depicted in Fig. 2. Carriers are injected into the separate con-

finement heterostructure (SCH) and relax into the QD ground

state via the wetting layer (WL) and QD excited state. The

model is formulated in Eqs. (1)–(6). Common parameter val-

ues were used in the simulation.14 Specifically, a large value

of e ¼ 2.0475� 10�6 was chosen to accommodate the highly

damped measured small signal modulation response shown

in Fig. 1(a). The parameter e is given here in a somewhat

unconventional manner as it is normalized to the gain region

volume. It corresponds to e¼ 10�15 cm3 in the regulara)davidgr@tx.technion.ac.il.
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formalism. The laser gain was chosen according to Ref. 8 to

be g¼ 3.6 cm�1 per QD layer. Other key parameters are the

QD areal density and capture time constants, which were cho-

sen to be ND¼ 3� 1010 cm�2, scap
WL¼ 1 ps, scap

es¼ 10 ps,

and scap
gs¼ 150 fs. Escape time constants are set according to

a quasi-equilibrium distribution. A solution of the model

results in the small signal response shown in Fig. 3(a) and the

large signal modulation (at 8.5 Gbit/s) shown in Fig. 3(b).

Both fit well to the measurements. Calculations using the

same e but a lower gain yield a very similar small signal

response but a completely closed eye at any bit rate above 5

Gbit/s. As a second example, we simulated the response of the

laser presented in Ref. 3 using the QD laser model described

in Ref. 15. Once more, due to the large gain and nonlinear

gain compression factor, a small signal bandwidth of 11 GHz

and large signal modulation at 20 Gbit/s and 25 Gbit/s were

found in the simulation fitting very well to the published ex-

perimental results. The simulations suggest a very high gain

compression factor, which is often found in QD lasers.6
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To further understand the dynamical behavior of the QD

laser, we analyze the small signal response in terms of its

poles dependence on I/Ith. The results are shown in Fig. 4.

The green line in Fig. 4 represents the complex conjugate low

FIG. 3. (a) Simulated small signal modulation

response of a 1.3 lm QD laser. (b) Simulated

eye diagram of a 1.3 lm QD laser at 8.5 Gbit/s.

The simulations confirm the experimental

results shown in Figs. 1(a) and 1(b).

FIG. 1. (a) Small signal modulation response of

a 1.3 lm QD laser. (b) Eye diagram of a 1.3 lm

QD laser at 8.5 Gbit/s. These responses are the

ones modeled in the paper with calculated

results shown in Figs. 3(a) and 3(b).

FIG. 2. A schematic description of the injection path of a QD laser.
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frequency poles that determine the modulation bandwidth.

The red line represents real poles at higher frequency, whose

origin is the capture of carriers from high energy states to the

QD. At some bias level, the response changes so that it is

characterized by two real poles one of which is at a high fre-

quency (black diamond shaped marks in Fig. 4). Under such

conditions, the small signal modulation response decreases

beyond the electron-photon resonance at a slower rate than

the common 40 dB per decade, just as in a highly damped

response. The best large signal modulation response is

obtained at a bias level near the poles splitting point. In princi-

ple, this pole splitting may occur in any laser. However, since

it depends on saturation, it is reached in a QD laser for low

values of I/Ith and is therefore easily achieved. This can be

easily understood from a classical analysis,16 which calculates

the photon number under the condition of maximum band-

width Eq. (7) when the resonance frequency and the damping

factor are related by xp¼ 0.707c.

STP ¼ ðNTth � NTtrÞ=f1þ V2
p � ðNTth � NTtrÞ2=e2g; (7)

where NTth and NTtr are the number of carriers at threshold

and transparency, respectively. Vp and e are the photon vol-

ume and gain compression factor, respectively. In small

dimensional gain media, the maximum photon density is eas-

ily reached due to the small density of carriers in the lasing

states and due to the large value of gain compression factor.

Finally, it is easy to show that a simple rate equation analysis

of conventional bulk and QW lasers,17 in which both the

gain and the nonlinear gain compression are chosen to be

large, yields similar results. That is, a small signal response

which is clearly limited by the nonlinear gain compression

may avail large signal modulation at high bit rates. An exam-

ple is shown in Fig. 5, which was calculated for a gain of

60 cm�1 and a nonlinear gain compression parameter

e¼ 4� 10�6. Indeed, this calculated response exhibits a very

damped behavior with a bandwidth of about 2 GHz, but large

signal modulation at 8 Gbit/s with an on/off ratio of 3 dB is

nevertheless possible. However, the parameters chosen can

only be reached in practical QW lasers at extremely large

values of I/Ith, which are not practical.

To conclude, we have analyzed the relationship between

small and large signal modulation capabilities of semicon-

ductor lasers. We have demonstrated experimentally that QD

lasers with a high gain and a large nonlinear gain compres-

sion have narrow small signal bandwidths but are capable of

large signal modulation at very high rates. The reason for

this behavior is shown to be due to an inherent property of

diode lasers. However, the conditions for which this property

can manifest itself are only practical in low dimensional gain

media such as QDs.
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FIG. 4. Small signal modulation transfer function poles map versus injected
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FIG. 5. (a) Simulated small signal modulation response of a bulk semicon-
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