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We investigate the dependence of the differential reflection on the structure parameters of quantum
dot �QD� heterostructures in pump-probe reflection measurements by both numerical simulations
based on the finite-difference time-domain technique and theoretical calculations based on the
theory of dielectric films. It is revealed that the value and sign of the differential reflection strongly
depend on the thickness of the cap layer and the QD layer. In addition, a comparison between the
carrier dynamics in undoped and p-doped InAs /GaAs QDs is carried out by pump-probe reflection
measurements. The carrier capture time from the GaAs barrier into the InAs wetting layer and that
from the InAs wetting layer into the InAs QDs are extracted by appropriately fitting differential
reflection spectra. Moreover, the dependence of the carrier dynamics on the injected carrier density
is identified. A detailed analysis of the carrier dynamics in the undoped and p-doped QDs based on
the differential reflection spectra is presented, and its difference with that derived from the
time-resolved photoluminescence is discussed. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2913316�

I. INTRODUCTION

Since the pioneering work of Arakawa and Sakaki in
1982,1 the physical properties of semiconductor quantum
dots �QDs� have been extensively studied due to their poten-
tial application in optoelectronic devices for the future.2 In
particular, InxGa1−xAs /GaAs QDs self-organized by
Stranski–Kranstanov �SK� growth mode have received inten-
sive studies because their operating wavelength can be de-
signed at 1.3 �m, which is an important wavelength for tele-
communication. Accordingly, much effort has been devoted
to the investigation of the carrier dynamics in self-organized
QDs that may significantly affect the performance of QD-
based devices. In general, the carrier dynamics in self-
organized QDs include the capture of photogenerated carri-
ers from the barrier and/or the wetting layer into QDs,3–7 the
relaxation of carriers within QDs from the excited states to
the ground state,8–12 and finally the recombination of carriers
in QDs.13–15 While in quantum wells, fast carrier capture and
relaxation are mediated by the carrier-phonon interaction, the
carrier relaxation in QDs via phonon scattering is highly im-
probable due to the discrete energy levels in QDs. Thus, the
capture and relaxation processes have always been the focus
of the carrier dynamics studies in QDs.16–19 In addition, ap-
propriate doping of QDs is necessary for making QD infra-
red photodetectors, and a significant improvement in the
modulation speed of QD lasers can be achieved by doping

QDs.20–27 Therefore, the influence of doping on the carrier
dynamics in QDs is an important issue that needs to be clari-
fied.

To date, ultrafast optical techniques that are commonly
used for the characterization of the carrier dynamics in QDs
can be classified into two categories. They rely either on the
detection of transient photoluminescence28–31 �PL� or on the
measurement of differential transmission or reflection by
pump-probe techniques.4,32–34 In comparison, both methods
have their own advantages and limitations. The time-
resolved PL measurements provide the information of carrier
capture and relaxation to the ground states of QDs. However,
clear PL signals can only be obtained at low temperatures,
making the experimental setup complicated. On the contrary,
the pump-probe measurements can be carried out at room
temperature, offering good signal-to-noise ratio. This advan-
tage makes them quite convenient for investigating the car-
rier dynamics in self-organized QDs. However, there are
only a few reports on the pump-probe reflection measure-
ments of QDs partly because the differential reflection spec-
tra of QD heterostructures dominated by carrier dynamics are
difficult to interpret as compared to bulk materials.4,32–34 For
a QD heterostructure, although the QD layer sandwiched by
the buffer and cap layers is very thin, it plays an important
role in determining the reflection of the QD heterostructure.
In addition, the cap layer on top of the QD layer also signifi-
cantly affects the reflection of the QD heterostructure. In the
previous reports, the observed differential reflection spectra
showed wide variation.4,32–34 However, no detailed discus-
sion has been presented to address the important issues such
as what determines the value and sign of the differential
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reflection signals. Apparently, a QD heterostructure can no
longer be simply treated as a bulk material when its reflec-
tion is concerned. Therefore, a simple and effective method
is needed to analyze the reflection change of QD heterostruc-
tures during the carrier capture and relaxation processes. In
addition, a comparison of the carrier dynamics between un-
doped and p-doped QDs characterized by pump-probe re-
flection measurements is still lacking although it has been
done by time-resolved PL measurements.

In this article, we present a detailed characterization of
undoped and p-doped InAs /GaAs QDs by utilizing a degen-
erate pump-probe reflection measurement. It is organized as
follows. In Sec. II, we numerically and theoretically analyze
the dependence of the differential reflection on the structure
parameters of QD heterostructures based on the finite-
difference time-domain �FDTD� technique and the theory of
dielectric films.35 Then, the growth and structure of the self-
organized InAs /GaAs QDs used in our studies are described
in Sec. III. The pump-probe reflection measurements carried
out at different pump powers for the QD samples are pre-
sented in Sec. IV. Section V describes how to extract the time
constants for different processes by appropriate exponential
fits. A discussion about the dependence of the carrier dynam-
ics on the injected carrier density is given in Sec. VI. In Sec.
VII, we present a detailed analysis of the carrier dynamics in
the undoped and p-doped QDs based on the differential re-
flection spectra and discuss the difference of the relevant
information with that provided by the time-resolved PL mea-
surements. Finally, we summarize our research work in Sec.
VIII.

II. DEPENDENCE OF THE DIFFERENTIAL
REFLECTION ON THE STRUCTURE PARAMETERS
OF QD HETEROSTRUCTURES: ANALYSIS
BASED ON THE FDTD TECHNIQUE AND THE THEORY
OF DIELECTRIC FILMS

As mentioned above, a QD heterostructure cannot be
simply treated as a bulk material when analyzing its reflec-
tion. Now let us consider a simple model for an InAs /GaAs
QD heterostructure which is schematically shown in Fig.
1�a�. The InAs QD layer with a refractive index n2 is sand-
wiched by the GaAs cap and buffer layers with a refractive
index n1 which is smaller than n2. It is generally composed
of an InAs wetting layer, an InAs QD layer, and maybe an
InGaAs strain relaxation layer. In most cases, the thickness
of the InAs QD layer �d2� is much smaller than those of the
GaAs cap and buffer layers �d1 and d3�. In the initial stage of
the pump-probe reflection measurements, most carriers are
generated in the GaAs cap and buffer layers. In this case, the
differential reflection �R /R of the InAs /GaAs QD hetero-
structure is mainly induced by the refractive index change
�n1 in the GaAs cap and buffer layers and it can be ex-
pressed as follows:36

�R/R = 4�n1/�n1
2 − 1� . �1�

Here, �n1 is determined by the absorption change in the
GaAs cap layer ��1 through the Kramers-Kronig relation,37

�n1�Eprobe,t� � P�
0

� ��1�E,t�
E2 − Eprobe

2 dE , �2�

where P stands for the principle value of the integral.
With the transfer of the photogenerated carriers from the

GaAs barrier to the InAs QD layer, �n1 rapidly drops while
�n2 significantly rises. In this stage, we can neglect tempo-
rarily the effect of �n1 and try to find out the factor that
determines the relationship between �R /R and �n2. Since

FIG. 1. �a� Schematic of the self-organized QD heterotructure used in
FDTD simulations; �b� dependence of the differential reflection on the re-
fractive index change in the QD layer for three QD heterostructures with
different cap layers; �c� dependence of the differential reflection on the
thickness of the cap layer for two QD heterostructures with different QD
layers simulated by the FDTD technique and calculated by the theory of
dielectric films.
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�n2�0, an increase of the reflection would be expected �i.e.,
�R�0� if the simple bulk material model given above was
still applicable. However, it is not true if we carefully exam-
ine the dependence of the differential reflection of the QD
heterostructure on the thickness of the GaAs cap layer d1 by
FDTD simulation, as will be shown later. For the numerical
simulations, the parameters that characterize the structure of
the InAs /GaAs QD heterostructure are chosen to be n1

=3.683, n2=3.735, d2=2, and 10 nm, d3=200 nm, �n1=0.38

The grid sizes along the x and z directions are chosen to be
0.5 and d2 /10 nm, respectively. A perfectly matched layer
boundary condition is employed for the computation region
which is indicated by the dashed box in Fig. 1�a�. A Gaussian
beam at 800 nm is launched on the sample with an incident
angle of 45°, while the power is calculated behind the launch
site to record the reflection of the QD heterostructure. For
simplicity, we have used continuous waves instead of pulses
in the numerical simulations because they enable us to easily
calculate the reflection and its dependence on the structure
parameters by using the parameter scanning function of the
software. No obvious difference is found in the simulation
results when pulses are used as incident waves.

In Fig. 1�b�, the dependence of �R /R on �n2 is plotted
for three different values of d1 when d2 is fixed to be 10 nm.
In all cases, a linear relationship between �R /R and �n2 is
observed. However, the slope of the linear relationship ex-
hibits a strong dependence on the thickness of the GaAs cap
layer d1. In other words, the value and sign of �R /R are
governed by d1 when d2 is fixed. For a small value of d1

=10 nm, we find an increase of �R /R with increasing �n2.
Since a thin cap layer is generally used in QD heterostruc-
tures, a positive �R /R was usually observed in the previous
reports.33 As d1 is increased to �47.5 nm, �R /R is close to
zero and no obvious change is found when �n2 is increased.
More interestingly, a large decrease of �R /R with increasing
�n2 is observed when d1 is further increased to 75 nm.
Therefore, it clearly indicates that the QD heterostructure
cannot be simply treated as a bulk material although the QD
layer is very thin. Its differential reflection exhibits a strong
dependence on the thickness of the cap layer.

In order to show more clearly the influence of d1 and d2

on R and �R /R, we have simulated QD heterostructures with

different structure parameters, and some typical results for a
fixed �n2=0.1 are presented in Fig. 1�c�. Apparently, the
most remarkable feature is the periodic variation of �R /R
with increasing d1. A careful inspection reveals that the pe-
riod is approximately given by the half wavelength of the
incident light inside the GaAs ��1=800 /n1 nm�. This phe-
nomenon is easily understood by considering the phase dif-
ference between the reflected light from cap layer and that
from the QD layer. Since the total reflection is determined by
the interference of the reflected light from the cap layer and
that from the QD layer, the reflections in case of normal
incidence are expected to be the same for two QD hetero-
structures whose difference in d1 is equal to N�1 /2, where N
is an integer. In Fig. 1�c�, it is also noticed that the amplitude
of the periodic modulation is larger for thicker QD layers.
Thus, the periodic modulation of �R /R with increasing d1

explains the different differential reflection spectra observed
in the previous experiments.4,32–34 Also, it suggests that we
can intentionally improve the differential reflection signals
by appropriately designing the structure of QD heterostruc-
tures, especially the thickness of the cap layer and the QD
layer.

Actually, the dependence of the differential reflection of
a QD heterostructure on the thickness of the cap layer and
the refractive index change of the QD layer can also be theo-
retically derived. According to the theory of dielectric
films,39–41 the characteristic matrix of a multilayer structure
that relates the input and output electric and magnetic fields
on either side of the film is given by

MN = �
j=1

N

Mj = �
j=1

N � cos � j −
i

pj
sin � j

− ipj sin � j cos � j
	 , �3�

where � j = �2	 /�0�njdj cos 
 j is the phase-shift angle upon
traversing the jth layer, pj is defined as nj cos 
 j and
nj /cos 
 j for the s- and p-polarization, dj is the thickness of
the jth layer, and 
 j is the refraction angle.

In our case, a QD heterostructure is considered to be a
two-layer structure because the GaAs buffer layer can be
regarded as the output medium. Thus, the characteristic ma-
trix for the QD heterostructure can be written as

M2 = �
j=1

2

Mj = 
m11 m12

m21 m22
� = � cos �1 cos �2 −

p2

p1
sin �1 sin �2 −

i

p2
cos �1 sin �2 −

i

p1
sin �1 cos �2

− ip1 sin �1 cos �2 − ip2 cos �1 sin �2 cos �1 cos �2 −
p1

p2
sin �1 sin �2

	 . �4�
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Finally, the reflectivity R of the QD heterostructure is de-
rived to be

R = 
 �m11 + m12p3�p0 − �m21 + m22p3�
�m11 + m12p3�p0 + �m21 + m22p3��

�
 �m11 + m12p3�p0 − �m21 + m22p3�
�m11 + m12p3�p0 + �m21 + m22p3��*

, �5�

where p0 and p3 are the pj parameters in air and the GaAs
buffer layer, respectively.

The dependence of �R /R on d1 and �n can be calcu-
lated by Eq. �5� and the results are also presented in Fig. 1�c�
for comparison. It can be seen that a good agreement is
achieved between the theoretical calculation and numerical
simulation results. The small discrepancy is attributed to the
accuracy of the FDTD simulations that are limited by the
grid size. A further reduction of grid size will result in
smaller discrepancy.

III. STRUCTURE OF THE UNDOPED AND P-DOPED
INAS/GAAS QDS

The structures of the undoped and p-doped InAs /GaAs
QDs studied in this paper are schematically illustrated in
Figs. 2�a� and 2�b�. They were grown by molecular beam
epitaxy. For each sample, the InAs QDs were self-organized
by the SK growth mode on a 500 nm GaAs buffer at 500 °C.

Then, they were covered by a 6 nm InGaAs strain relax layer
followed by a 100 nm GaAs cap layer. On top of the GaAs
cap layer, another layer of InAs QDs was deposited under the
same growth condition for the atomic force microscope
�AFM� observation. The AFM images show that the diameter
of the InAs QDs is �30 nm, while their height is 5–6 nm.
The area density of the QDs was estimated to be 4
�1010 cm−2. For the p-doped QDs, a 10 nm Be-doped GaAs
layer was inserted into the 100 nm GaAs cap layer. The dop-
ing density was chosen to be 1018 cm−3 and it corresponds to
�10 holes per QD.

IV. PUMP-PROBE REFLECTION MEASUREMENTS
FOR THE UNDOPED AND P-DOPED INAS/GAAS QDS

The pump-probe reflection measurements were carried
out at room temperature by a Ti:sapphire oscillator pumped
with a solid state laser �Mira 900, Coherent Company�. The
width and the repetition rate of the pulse are 130 fs and
76 MHz. The wavelength of the pump and probe pulses was
set to be 800 nm, which is about 130 meV above the GaAs
absorption edge. The pump and probe beams were focused to
spots of 150 and 50 �m in diameter, and they are incident on
the sample surface at angles of 0 and 45°, respectively. The
time delay between them was provided by a delay line with
a minimum step of 3 �m, which corresponds to a time res-
olution of �20 fs. In order to find out the effect of the carrier
density on the carrier dynamics, the average power of the
probe beam was fixed at 6 mW, while that for the pump
beam was varied from 60 to 280 mW.

Figure 3 shows the differential reflection spectra ob-
tained at a pump power of 280 mW for the bulk GaAs, the
undoped, and p-doped InAs /GaAs QDs. The spectra are nor-
malized in order to make a clear comparison of the time
constants for various processes. For the bulk GaAs, we ob-
serve a sharp increase in the differential reflection followed
by a fast and a slow decay. These two decay processes have
been attributed to the quick thermalization of the photoge-
nerated carriers and their recombination. Their time con-
stants can be readily extracted by a biexponential fitting. The

FIG. 2. Schematic structures of the InAs /GaAs QDs �a� undoped and �b�
p-doped studied in this paper.

FIG. 3. Differential reflection spectra obtained by pump-probe reflection
measurements at a pump power of 280 mW for the bulk GaAs �solid curve�,
the undoped InAs /GaAs QDs �dashed curve�, and the p-doped InAs /GaAs
QDs �dotted curve�.
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longer time constant, which corresponds to the carrier re-
combination time in bulk GaAs, is extracted to be about
1 ns. It is noticed that �R remains to be positive throughout
the entire decay process. In comparison, the transient behav-
ior in the differential reflection spectrum is changed for the
InAs /GaAs QDs. After a sharp increase in �R /R, we can see
two fast decay processes with similar time constants fol-
lowed by a gradually raising process with a much longer
time constant. The three stages can be attributed to the cap-
ture of the photogenerated carriers from the GaAs barrier
into the InAs wetting layer �including the InGaAs strain re-
laxation layer�, the transfer of carriers from the InAs wetting
layer �including the InGaAs strain relaxation layer� into the
InAs QDs, and the carrier recombination inside the InAs
QDs. Obviously, the capture process is much faster than the
recombination one. It is remarkable that �R /R becomes
negative in the second stage when the carriers are captured
into the InAs QDs. This is completely different from that
reported in Ref. 33, where �R /R remains to be a positive
value. Of course, it is not a surprising result if we have
considered that the thickness of the GaAs caper layer and the
InAs QD layer are different in our QD samples. We have
performed FDTD simulations for the InAs /GaAs QD hetero-
structures with two QD layers �d2=5 nm�. The structure pa-
rameters are similar to the QD samples studied in this paper
and the effect of the InGaAs strain relaxation layer is ne-
glected. The dependence of �R /R on d1 is shown in Fig. 4
for different refractive index changes of �n2=0.1 and 0.2. It
can be seen that for d1�100 nm used in our samples, only a
small negative differential reflection can be obtained. This
feature is in good agreement with our experimental observa-
tions. Also, it indicates that an improvement in the differen-
tial reflection signal can be achieved by either increasing or
decreasing d1. In Fig. 3, it is also found that the time constant
of the first stage is slightly larger in the p-doped QDs as
compared to that in the undoped QDs. We think that the
incorporation of the Be-doped GaAs layer into the GaAs cap
layer is responsible for this behavior.

V. FITTING OF EXPERIMENTAL DATA AND
EXTRACTION OF CAPTURE TIMES

Apparently, the differential reflection spectra of the QD
samples can be fitted by two exponential decays with very
short time constants and one exponential rise with a long
time constant, i.e.,

�R�t�/R � a + b�e−t/�b-w + e−t/�e,h − e−t/�r� , �6�

where �b-w and �e-h represent the carrier capture time from
the barrier into the wetting layer and that from the wetting
layer into the QDs, �r stands for the carrier recombination
time in the QDs, and a and b are constants. Here, we do not
discriminate the capture times of electrons and holes into the
QDs because of two reasons. One is that the absorption and
thus the reflection of the QDs will be modified once a kind of
carrier �electron or hole� is captured into the QDs. This is
clearly different from the time-resolved PL measurements
where the presence of both carriers is necessary to generate
PL signals. Therefore, the physical meaning of �e-h needs to
be carefully identified. As will be shown later in Sec. VII, for
the p-doped QDs, it may represent the capture time of either
electrons or holes, depending on the pump power used in the
measurements. The other reason is that there exists an In-
GaAs strain relaxation layer on top of the InAs QDs from
which many carriers are captured into the QDs. Thus, the
potential barrier existing for holes in the InAs wetting layer
has less influence on the capture of holes.4

VI. DEPENDENCE OF CARRIER CAPTURE TIMES ON
INJECTED CARRIER DENSITY

We have carried out pump-probe reflection measure-
ments for the three samples under different pump powers in
order to find out the influence of the injected carrier density
on the carrier dynamics. Their differential reflection spectra
obtained at different pump powers for the bulk GaAs, the
undoped, and p-doped InAs /GaAs QDs are shown in Figs.
5�a�–5�c�, respectively. Relying on the exponential fitting
method described above, we are able to extract the time con-
stants for carrier capture and recombination processes. Here,
we are mainly concerned with the capture process that gov-
erns the operation speed of QD-based devices. In Figs. 6�a�
and 6�b�, we plot the two capture times ��b-w and �e,h� as a
function of the pump power, or equivalently the injected car-
rier density, for the undoped and p-doped QDs. For the un-
doped QDs, �b-w and �e,h are found to be �0.25 and �1.5 ps
at low carrier densities. Therefore, it takes �1.75 ps to trans-
fer the carriers from the GaAs barrier into the InAs QDs.
This value is shorter than those previously reported.21 We
think that the introduction of the InGaAs strain relaxation
layer may accelerate the carrier capture process. With in-
creasing injected carrier density, we observe a gradual in-
crease of �b-w to �0.7 ps and a slight decrease of �e,h to
�1.4 ps. The increase of �b-w is similar to the slow down of
the carrier thermalization at high excitation densities ob-
served in the bulk GaAs. It is mainly caused by the state
filling effect occurring in the InGaAs strain relaxation layer
and the InAs wetting layer. A different carrier dynamical
process is observed in the p-doped QDs. At low carrier den-

FIG. 4. Simulation results for the dependence of the differential reflection
on the thickness of the GaAs cap layer for the QD heterostructure whose
structure is similar to those studied in this paper.
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sities, �b-w is similar to that in the undoped sample, while �e,h

is slightly larger. As carrier density is increased, we find a
rapid decrease of �e,h and a fast rise of �b-w when the pump
power is raised from 120 to 200 mW. Under high excitation
densities, the value of �e,h becomes only half of that in the
undoped QDs. These features are completely different from
the previous observations in time-resolved PL
measurements.21 In the transient PL measurements, a three-
fold decrease of the carrier capture time was found in doped
QDs and it did not exhibit any dependence on the injected
carrier density. These “abnormal” behaviors found in the
p-doped QDs will be discussed in the next section.

VII. DISCUSSION

Now let us discuss the carrier dynamics in the undoped
and p-doped QDs derived from the pump-probe reflection
measurements. For the sake of clarity, we schematically
show the discrete energy levels in the conduction and va-
lence bands of the undoped and p-doped QDs together with
the initial carrier distributions on them in Figs. 7�a� and 7�b�.
As mentioned above, different from the generation of tran-
sient PL signals where the simultaneous presence of elec-

trons and holes in the ground state is necessary, the occupa-
tion of the energy levels by only one kind of carriers will
modify the absorption of the QD layer and thus its refractive
index and reflection. For instance, the transition from E1h to
E1e by absorbing an electron is allowed in the undoped QDs
before the injection of carriers. Once an injected electron �or
a hole� relaxes to E1e �or E1h�, however, such a transition will
be inhibited, resulting in a modification in the absorption of
the QDs. Therefore, the reflection of the undoped QDs is
changed once electrons or holes are captured from the wet-
ting layer into the QDs. In general, the captured carriers first
occupy the high-energy levels and then relax to the low-
energy levels. Since the high-energy levels can accommodate
many carriers, the modification of the absorption is not sig-
nificant when they are occupied by a small number of carri-
ers. In contrast, the occupation of the low-energy levels gives
rise to a relatively large change in the absorption of the QDs.
Hence, the time constant �e,h derived from the differential
reflection spectra of the undoped QDs is the sum of the car-
rier capture and relaxation times. In addition, it should be the
time constant for the faster carriers, i.e., electrons.

As for the p-doped QDs, the situation is completely dif-

FIG. 5. Differential reflection spectra measured at different pump powers for �a� the bulk GaAs, �b� the undoped InAs /GaAs QDs, and �c� the p-doped
InAs /GaAs QDs.

FIG. 6. Injected carrier density dependence of the carrier capture time from the GaAs barrier into the InAs wetting layer and that from the InAs wetting layer
into the InAs QDs in �a� the undoped and �b� the p-doped InAs /GaAs QDs.
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ferent due to the large built-in population of holes prior to
the excitation. Since the low-energy levels in the valence
band have already been occupied by holes, there is no modi-
fication of the absorption when electrons are captured into
the low-energy levels of the conduction band, e.g., E1e, E2e,
and E3e. At low excitation densities, the average number of
the generated electrons for each QD is not sufficient to fill
the low-energy levels of the conduction band. Although the
capture and relaxation of the electrons are very fast through
the scattering with the built-in holes,21 they are not reflected
in the differential reflection spectra because the absorption of
the QDs is not changed by these processes. In this case, only
when the high-energy levels of the valence band �e.g., E4h

and E5h� are occupied by the injected holes, the absorption of
the QDs is changed. Therefore, the time constant derived
from the differential reflection spectra represents the capture
time of holes into the high-energy levels in the p-doped QDs.
It is slightly longer than the capture and relaxation times of
electrons into the low-energy levels in the undoped QDs.
Thus, no information about the capture time of electrons can
be extracted at low excitation densities. With increasing ex-
citation power, the low-energy levels in the conduction band
that do not induce any absorption change will eventually be
filled by the generated electrons. Since the capture of elec-
trons is much faster than that of holes due to the scattering
with the built-in holes, the modification of the absorption in
this case mainly arises from the occupation of the high-
energy levels of the conduction band by the injected elec-
trons �e.g., E4e and E5e�. Thus, the time constant we derived
from the differential reflection spectra represents the total
time for electrons to occupy the high-energy levels. It in-
cludes the capture time of electrons into the low-energy lev-
els and the time for electrons to sequentially fill from the
low-energy levels to the high-energy ones. Its value is only
half the capture time of holes into the high-energy levels,

implying that the capture and relaxation of electrons into the
low-energy levels is very fast in the p-doped QDs.

In fact, the filling of the low-energy levels in the con-
duction band with increasing excitation density is clearly re-
flected in Fig. 6�b�. While no obvious change in the capture
time is observed for pump powers lower than 120 mW, we
find a rapid transition of the capture time from �2 to
�1 ps when the pump power is increased to 200 mW. Due
to the difference in carrier dynamics, the p-doped QDs need
more injected carriers than the undoped QDs in order to
achieve the same absorption change. Actually, we have seen
in Figs. 3 and 5 that under the same excitation, the negative
differential reflection induced in the p-doped QDs is always
weaker than that in the undoped QDs. This is because the
filling of the low-energy levels by the injected electrons do
not contribute to the change in the absorption of the QDs.
Therefore, our experimental observations are not contradic-
tory to but are consistent with the results obtained by time-
resolved PL measurements.21

VIII. SUMMARY

In summary, we have studied by FDTD simulations and
theoretical calculations the dependence of the differential re-
flection signals on the structure parameters of QD hetero-
structures in pump-probe reflection measurements. Based on
that, we have compared the ultrafast carrier dynamics in the
undoped and p-doped InAs /GaAs QDs by utilizing the
pump-probe reflection measurements. The carrier capture
times from the GaAs barrier into the InAs wetting layer and
those from the InAs wetting layer into the InAs QDs have
been extracted by properly fitting the differential reflection
spectra. In addition, the dependence of carrier dynamics on
the injected carrier density has been clarified. It is found that
for the p-doped QDs, the time constant of the second decay
represents the capture time of holes at low carrier densities,

FIG. 7. Schematic of the electron and
hole energy levels in the conduction
and valence bands together with the
carrier distribution in them. �a� The
undoped InAs /GaAs QDs; �b� the
p-doped InAs /GaAs QDs.
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while it gives the capture and relaxation times for electrons
at high carrier densities. The built-in population of holes in
the p-doped QDs plays a crucial role in determining the car-
rier dynamics, and it may be beneficial to the performance of
QD-based devices.
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