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The n-type quantum dot (QD) and dots-in-well (DWELL) infrared photodetectors, in general,
display bias-dependent multiple-band response as a result of optical transitions between different
quantum levels. Here, we present a unique characteristic of the p-type hole response, a well-
preserved spectral profile, due to the much reduced tunneling probability of holes compared to
electrons. This feature remains in a DWELL detector, with the dominant transition contributing to
the response occurring between the QD ground state and the quantum-well states. The bias-
independent response will benefit applications where single-color detection is desired and also
allows achieving optimum performance by optimizing the bias. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4875239]

A recent report of p-type quantum dot infrared photode-
tector (QDIP) has shown promising results for using hole
transitions to develop photodetectors, with the external quan-
tum efficiency (QE) of 17% being demonstrated.! Widely
studied n-type QDIPs and dots-in-well (DWELL) detectors
are featured with the characteristics of multicolor and bias
selectivity.”* The optimized bound-to-bound transitions in a
GaAs-based n-type DWELL structure have led to the
achievement of 12% QE.* A basic question regarding the
p-type hole response is to confirm the similar features of mul-
ticolor and bias selectivity or to understand the operating
mechanism in p-type QDIPs and DWELL detectors.
Understanding this is of paramount importance to applica-
tions, for example, in order to design desired wavelength of
detection by employing the DWELL architecture® as well as
developing QD-based optoelectronic devices.® In contrast to
a variety of reports on n-type electron response, only limited
studies using p-type optical transitions have been reported.®™

Major differences of the hole states from the electron
counterparts originate from the heavier effective mass of
holes and three sets of QD states, associated with three
branches of the valence bands, i.e., the heavy-hole (HH),
light-hole (LH), and spin-orbit split-off (SO) bands. This
essentially results in much denser hole levels compared to
electrons' and the possibility of many optical transitions
between them. One may expect a spectral response consist-
ing of multiple bands, each of which becomes active under
bias.> However, in a recent demonstration of the p-type
InAs/GaAs QDIP,' the dominant response is due to one of
the transitions throughout the electric field ranging from 0
to 30kV/cm, specifically due to the transition taking place
between the QD bound state and the quasibound state. Only
a weak response shoulder at the high-energy end of the
spectrum was observed at a higher electric field. It should be
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noted that hole levels become denser at the high energy
region of the QD potential well. In this Letter, we present a
detailed study of the p-type valence-band intersublevel tran-
sitions. In addition to the QDIP, a DWELL structure is used
in order to investigate the effect of QW levels on the p-type
hole response and its bias dependency. In contrast to n-type
DWELLs in which different response peaks rise when the
applied bias is increased, the spectral range of the response
in the p-type detector is stationary. Gaussian fittings reveal
three individual peaks, corresponding to transitions from
QD bound states to the near-barrier QW state. No QD-
bound-to-QW-bound transitions can be identified up to the
electric field of 54.5kV/cm. Calculations show that the tun-
neling probability of holes is less than that of electrons by a
factor of more than 10°~10°. Because of this, the contribu-
tion of QD-bound-to-QW-bound transitions to response is
disabled. Although bias-selectable response is enabled in
n-type DWELLSs, this leads to undesired bias-dependent
switch from one spectral range to another. Optimum per-
formance of response in a specific wavelength range is
therefore unlikely to be achieved by optimizing the bias.
Selecting the desired response can be achieved by designing
the structures, for examples, using a double-barrier resonant
tunneling structure adjacent to the DWELL absorber to filter
out unnecessary transitions.” In contrast, the p-type response
naturally displays the single-color characteristic.

The p-type hole response spectra of both QDIP and
DWELL detectors are analyzed. A schematic of the DWELL
structure grown by molecular beam epitaxy is shown in Fig.
1(a). The QDIP used in this study has been reported else-
where.! Figure 1(b) plots the electronic structures of the
QDIP and DWELL detector. The DWELL has the same de-
vice architecture as the QDIP, except that its absorber con-
sists of 10 periods of InAs QDs, embedded in a 6-nm thick
Ing15GaggsAs QW. The pyramidal shaped QDs have
the height and base dimensions of ~5 and ~20-25nm,
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respectively. The dot density is about 5 x 10"cm 2. Free
holes are introduced into QDs by using a J-doping tech-
nique." A sheet density of 5 x 10" cm™ p-type dopants is
placed above the QDs, with a 15-nm thick spacer in-between
them, which gives about 10 holes per dot.'” A Perkin-Elmer
system 2000 Fourier transform infrared spectrometer is used
to measure spectral response of 400 x 400 ,umz mesas, which
have a 260 x 260 um?” open area in the center allowing for
front-side illumination. A bolometer with known sensitivity
is used for background measurements and calibration of the
responsivity.

The DWELL detector has two sets of energy levels, cor-
responding to the QD and QW, respectively. As shown in
Fig. 1(b), the Ing;5GaggsAs/GaAs QW contains three HH
levels (dashed lines), which are obtained using an
effective-mass method."' It may be noted that the wavefunc-
tion of the QW state is influenced by the QD.'? A simplified
model is based on the QW potential embedded with the QD
potential (considered as a QWI). As can be seen from Fig.
1(b) (dashed-dotted lines), the near-barrier level is not much
altered for the computations with and without the QD poten-
tial considered. This confirms that photoexcitation from the
bound state to the near-barrier state has the dominant contri-
bution to photocurrents. Hence, our simplified computation
for the QW is valid for explaining the results. A further study
will be needed to fully understand the effect of the QW-QD
coupling on the spectral response where bound-to-bound tran-
sitions should have distinct contributions to the response. QD
levels are also shown (solid lines), calculated using an 8 x 8
k - p model described in Ref. 13. It can be seen that the transi-
tions ending up at the bound states (above the GaAs HH band
edge in the valance-band diagram) do not contribute to the
response unless photoexcited holes surpass the GaAs barrier.
This can be accomplished by a tunneling process, leading to
bias-dependent response. For comparison at different biases,
response spectra are normalized by multiplying a factor, as
shown in Figs. 2(a) and 2(b) for the QDIP and DWELL de-
tector, respectively, where the insets show two primary
response peaks at 0.1-0.4eV (3—-12um) and 0.4-0.8eV
(1-3 pm) due to HH-HH and SO-HH hole transitions, respec-
tively.! It can be seen that the spectral response is distinctly
different from the n-type DWELL detectors,™ where
the wavelength range of the response varies from the
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mid-wavelength infrared to long-wavelength infrared. The
emergence of the long-wavelength shoulder (612 um) at
higher negative biases in the QDIP could be associated with
the LH-HH transition." For the DWELL detector, no apparent
change in the spectral profile of the response is observed.

To identify individual transitions contributing to the
spectral response, Gaussian fittings were carried out, using
the following formulation:

A; E—E,;)?

where R represents for responsivity. E,,;, A; and o; are fitting
parameters, denoting the peak energy, amplitude, and
the line width, respectively. The full width at half
maximum (FWHM) can be calculated from ¢ by 2v/21n2 - g.
Representative fittings are shown in Figs. 2(c)-2(f), in which
a background signal is deducted from the spectra before the
fitting. Figures 3(a)-3(e) summarize the fitting results.

The spectral response of the p-type QDIP is dominated
by a Gaussian peak at low bias, originating from the HH
bound-to-HH quasibound transition." An additional high-
energy peak occurs at high negative bias and is attributed to
be due to the HH bound-to-LH bound transition." For the
DWELL detector, three peaks can be resolved. Neither of
them can be induced or annihilated by changing the bias.
This characteristic indicates the trivial influence of the QD
bound-to-QW bound transition on the response, as response
based on the bound-to-bound transition should be strongly
bias dependent as a consequence of the escape of photoex-
cited holes through tunneling. Much reduced tunneling prob-
ability of holes allows an explanation for this feature. Figure
4 shows calculated tunneling probability based on the
Wentzel-Kramers-Brillouin (WKB) approximation, i.e.,

l

where m* is the effective mass, V(z) is the potential of the
barrier, E is the energy of carriers, and z; and z, are the turn-
ing points. Calculations indicate that the tunneling probabil-
ity of LH in QDIP and HH in DWELL (through the HH2

m*

T ~exp l—Z 7 2)

V(z) - E] dZ] ;
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level, see Fig. 1(b)) are nearly the same. Considering the
weak response of the LH-HH transition in QDIP and reduced
strength of the 0D QD level-to-1D QW level transition
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FIG. 2. Normalized spectral response
of (a) QDIP and (b) DWELL detector
at 78 K, where the insets plot the whole
spectral range including a higher-
energy peak. (c)—(f) are Gaussian fit-
tings, where each dotted line is the
Gaussian components. Insets show the
summation of the Gaussian compo-
nents, in good agreement with the ex-
perimental spectra.

compared to that of the OD QD level-to-OD QD level transi-
tion, the response due to the 0D QD level-to-1D QW level
(HH2) could be even weaker hence not observable

FIG. 3. Fitting results for (a)—(c)
QDIP, and (d)—(f) DWELL, where the
peak energy, A/o (see Eq. (1)) and
FWHM are plotted as a function of
bias.
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experimentally. As a comparison, Fig. 4 also shows the cal-
culation for electrons in a dots-in-a-double-well detector
reported by Barve et al.” This n-type DWELL structure con-
sists of InAs QDs embedded in a double QW formed by
Alp.1GagoAs/GaAs/Ing 15Gag gsAs/GaAs/Aly 1 Gag oAs layers.
The tunneling of electrons starting at the energy level of
~43meV from the AlyGagoAs conduction band edge is
evaluated. The corresponding response peak is at 7 um.
More than 10°-10° tunneling probability of electrons greater
than that of the holes is the reason of bias-dependent
response in the n-type DWELL detectors, whereas the spec-
tral range of the p-type response remains stationary at differ-
ent biases.

It can be seen from the fitting parameters [Figs.
3(a)-3(e)] that the response behavior is different for forward
and reverse biases. Similar observation was obtained in the n-
type detector.” This may be a result of the geometry of the
QDs. Further theoretical study will be needed to understand
this. By excluding the bound-to-bound transitions, we attrib-
ute the three fitted Gaussian peaks for the DWELL detector
to be associated with the transitions from the QD ground, first
and second excited states to the HH3 QW level, as shown in
Fig. 1(b) (I, II, and III). The corresponding transition energies
from calculation are 0.215, 0.224, and 0.253 eV, in agreement
with the fitting energies, i.e., 0.195-0.214 (I), 0.224 (II), and
0.247-0.250eV (III) (around 0 V), respectively.

DWELL and QDIP have the similar band profile and
hole concentration in the absorber; therefore, their dark cur-
rents, which originates from thermionic emission, should be
comparable. However, the experimental dark current of
DWELL is about 40 times less than that of QDIP, as shown
in Fig. 5(a). It can thus be inferred that the distribution of
holes in DWELL is sharply different from QDIP. A possible
reason is due to the interaction between QD and QW.2 This
may partially explains the lack of the HH bound-to-LH
bound transition caused response in the DWELL detector,
even at the very high electric field (up to 54.5kV/cm), as can
be seen from the comparison between Figs. 2(a) and 2(b).

By using experimentally measured noise current (i), the
noise gain (g) can be calculated through the expression:
g= i,% /4el;, where 1; is the dark current [Fig. 5(a)].
Assuming that the photoconductive gain equals the noise

gain,m’15 the value of external QE can be obtained using
102+
2
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FIG. 4. Comparison of calculated tunneling probability of hole and electron.
The calculation of the electron tunneling probability is based on Ref. 9
(dots-in-a-double-well detector). The calculation of LH corresponds to the
HH bound-to-LH bound transition, as described in Ref. 1.
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FIG. 5. (a) Dark current density of the p-type QDIP and DWELL at 80 K.
(b) and (c) (shown as insets) are the QE and specific detectivity (at 5 um),
respectively. The QE is obtained by assuming that the photoconductive gain
equals the noise gain. The results of DWELL are more asymmetric com-
pared to QDIP probably due to the asymmetry induced by the d-doping.'*!?

QE = R/g 1 x hc/e, as shown in Fig. 5(b). As a result of dif-
ferent bias-dependence of R and g, a maximum QE of the
DWELL is obtained to be 9% at —1.6 V. The specific detectiv-
ity is given by D* = R\/A x Af/i,, where A is the device
area, and Af is the bandwidth. The detectivity at 78 K for the
response peak at 5 um as a function of bias is shown in Fig.
5(c), with the maximum value at 1.4 X 10? cm-Hz"/W,
which is close to that of the QDIP, as a consequence of the
low dark current of the DWELL detector. The improvement
of the performance can be achieved by enhancing the absorp-
tion. One of the possibilities is to utilize transitions between
the bound and bound states, which have the stronger
wave-function overlapping than the transitions between the
bound and the quasibound/continuum states.

One of the advantages using p-type response is its station-
ary spectral response without showing the bias selectivity.
This allows for optimizing the bias for optimum performance
at specific wavelengths. The need of tailoring spectral
response can be achieved by designing the QW. It is expected
that bias dependency can be obtained by moving the HH level
closer to the potential barrier in order to increase the tunneling
probability. The well-preserved hole response will facilitate
the control of the response. Designing multicolor response is
also possible by integrating different DWELL structures.

To conclude, we have studied the valence-band intersu-
blevel hole transitions in the p-type InAs/GaAs QDIP and
DWELL detectors. The DWELL detector displays constant
wavelength ranges of response independent of applied
biases. Its spectral response results from transitions between
QD bound states and near-barrier QW states. This study indi-
cates that the p-type QDIP has a well-preserved spectral
response, which should benefit the optimization of bias for
optimum response and the control of spectral response for
the detector development.
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