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An InAs/GaAs quantum dot infrared photodetector (QDIP) based on p-type valence-band

intersublevel hole transitions as opposed to conventional electron transitions is reported. Two

response bands observed at 1.5–3 and 3–10 lm are due to transitions from the heavy-hole to

spin-orbit split-off QD level and from the heavy-hole to heavy-hole level, respectively. Without

employing optimized structures (e.g., the dark current blocking layer), the demonstrated QDIP

displays promising characteristics, including a specific detectivity of 1:8� 109 cm � Hz1=2/W and a

quantum efficiency of 17%, which is about 5% higher than that of present n-type QDIPs. This study

shows the promise of utilizing hole transitions for developing QDIPs. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4846555]

In the past decade, the quantum dot infrared photodetec-

tor (QDIP), one of the important emerging devices in the

field of infrared (IR) technology, has received considerable

attention, owing to the advantage of three-dimensional con-

finement of carriers. The three-dimensional confinement

promises to offer normal incidence detection, and improved

characteristics, such as low dark current and increased photo-

carrier lifetime because of the phonon bottleneck.1

Significant progress in the past has been achieved using

quantum dots (QDs)2 and dots-in-a-well (DWELL)3 designs,

based on n-type electrons. So far, little attention has been

paid to p-type QDIP. In this letter, we report a p-type QDIP

operating through optical transitions between different sets

of valence-band (VB) QD levels, as opposite to electron tran-

sitions between conduction band (CB) QD levels.

Despite the promising characteristics, a major challenge

associated with QDIPs is the low quantum efficiency (QE).4

For example, the typical QE was obtained to be about 2%.4,5

Optimization to 12% can be achieved by utilizing bound-to-

bound transitions in a GaAs-based n-type DWELL struc-

ture,3 which, however, is still less than the QE of HgCdTe

and type-II superlattice detectors.4 By growing InAs QDs on

InP substrate and using the bound-to-bound transition

DWELL structure, further improvement to as high as 35%

was reported, with the response up to 5 lm.6 The relatively

low QE of QDIPs results in part from the large fluctuation of

the dot size in the Stranski-Krastanov growth mode. This,

along with the low QD density as compared to the density of

dopants in quantum-well infrared photodetectors (QWIPs),7

give rise to the lower absorption efficiency than expected.

Although alternative growth methods such as sub-monolayer

epitaxy come with the advantage of higher dot density (e.g.,

�5� 1011 cm�2),8 designing optimized structures to further

improve QE is yet to be demonstrated. Such designs may

include a change of operating carrier type from majority

electrons to holes, which offers a few unique characteristics,

such as optical transitions associated with three valence

bands and higher effective mass of the holes. The former

leads to a broad response allowing for convenient tailoring

of the spectral response. The latter features increased density

of states and thus enhanced absorption, as a great number of

holes are allowed in QDs. Also, higher effective mass of

holes means the lower dark current compared to conduction

through electrons.9

Among a variety of photodetectors being investigated,

devices based on p-type doping10,11 are not studied as widely

as the n-type counterpart. Room-temperature operation by

utilizing p-type inter-valence-band transitions was recently

demonstrated using bulk heterojunctions.12–14 Aside from the

high-temperature operation, inter-valence-band transitions

typically yield a broad-band absorption and detection span-

ning from 1 lm up to beyond 10 lm.14,15 This allows for a

convenient tuning of the spectral response by adjusting the

heterojunction band offset. However, an intrinsic drawback of

using bulk semiconductors is the fast carrier relaxation time,

which is, for example, about 0.1 ps for 1� 1019 cm�3 p-type

doped GaAs. In contrast, quantum structures such as dots or

dots-in-well are demonstrated to have longer lifetime of pho-

tocarriers (up to nanoseconds).16 As such, an integration of

the QD structure and p-type hole transitions could offer an

alternative route to develop high performance QDIPs.

A schematic structure of the p-type QDIP grown by

molecular beam epitaxy is shown in Fig. 1(a). The absorb-

ing region consists of 10 periods of InAs QDs, between

which is an 80-nm thick undoped GaAs barrier. The pyram-

idal shape QDs have the height and base dimensions of �5

and �20� 25 nm, respectively. The dot density is about

5� 1010 cm�2. Free holes are introduced by a d-doping

technique. A sheet density of 5� 1011 cm�2 p-type dopants

is placed above the QDs, with a 15-nm thick spacer (GaAs)

in-between them, which gives about 10 holes per dot.17 The

detectors were processed by wet etching to produce square

mesas and depositing metal ohmic contacts onto the top and

bottom contact layers. A top ring contact with a windowa)uperera@gsu.edu
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opened in the center was used to allow for front-side illumi-

nation. Spectral response was measured on devices with the

dimension of 400� 400 lm2 by using a Perkin-Elmer sys-

tem 2000 Fourier transform infrared spectrometer. A bo-

lometer with known sensitivity is used for background

measurements and calibration of the responsivity.

The hole states in QDs were calculated as shown in

Fig. 1(b), by using an 8 � 8 k � p model described in Ref. 18.

In contrast to only one electron state in the CB, many hole

states are allowed in the dots. From numerical computation

point of view, this means a massive number of eigenvalues to

be solved simultaneously from the eight-band Hamiltonian,

which becomes even difficult in the higher hole energy range

where dense states19 are included. To facilitate the computa-

tion, the spin-orbit split-off (SO) states were obtained by

treating the QD as a quantum well (QW) and using an

effective-mass method.20 The much wider in-plane dimen-

sion of the dots than the height partially validates such a

treatment. The comparison of QD and QW states for the

heavy-hole (HH) level, as shown in Fig. 1(b), indicates that

the obtained ground states from two approaches are close to

each other. We use the QW SO state to represent for the QD

SO hole and interpret the spectral response, which should be

acceptable for analysis on distinguishing respective contribu-

tions of VB hole transitions to the response.

The computed electronic structure of QDs is used to

interpret the spectral response of p-QDIP, as shown in

Fig. 2(a), displaying two primary response bands at 1.5–3

and 3–10 lm. The overall spectral profile is analogy with

that of the p-type GaAs heterojunction detector14 [Fig. 2(b)].

However, the responsivity of p- QDIP is about 10–20 times

higher than that of the heterojunction detector, as shown in

Figs. 2(b) and 2(c), despite that QDIP contains a much

thinner absorbing region than the heterojunction. This char-

acteristic indicates that the origin of response should be dom-

inantly due to the QDs but not the p-type GaAs contact

layers [Fig. 1(a)], benefiting from the longer hole lifetime of

QDs. The small spacing between hole states (<30 meV)

leads to varying response with the photon energy in accord-

ance with the band structure of InAs/GaAs. For example, the

two response bands lie above and below the SO splitting

energy of InAs (0.39 eV or 3.2 lm in wavelength).21 The ex-

perimental short-wavelength response peak at 0.552 eV cor-

responds to the hole transition from the HH ground state to

the SO state [0.609 eV by calculation as indicated by transi-

tion I of Fig. 1(b)], while the long-wavelength peak at

0.247 eV [also see inset of Fig. 2(a)] corresponds to the hole

transition from the HH ground state to the state near the

GaAs barrier [transition II, calculated as 0.260 eV]. In view

of assumed ideal pyramidal shape in the calculations, the

agreement between experiment and computed electronic

structure is reasonably well.

The hole transition which contributes to the primary

response peak at 0.247 eV may end up to quasibound states.

It can be seen from Fig. 1(b) that hole states becomes

denser19 at the higher energy portion of the HH confinement

potential, due in part to the larger hole effective mass and to

the light-hole (LH) confinement potential, which leads to a

continuum of tenuously bound states.22 This characteristic is

consistent with the broad nature of the response peak with

Dk=k ¼ 0:42, where k and Dk are 5.2 lm and 2.2 lm, respec-

tively. However, the HH bound-to-HH quasibound transition

may dominate over the HH bound-to-LH continuum transi-

tion, as the bound-to-quasibound transition has the higher

FIG. 1. (a) Schematic of the p-type QDIP structure. Free holes are intro-

duced into QDs by d-doping above the QD layer. (b) Computed valence

band structure of the QDs, where solid lines represent for hole states

obtained by using an 8 � 8 k � p model.18 The thick lines are the band edges.

The dashed lines are the hole ground states of a QW, which has the same

thickness as the QD height. The QW states were obtained using an effective-

mass method,20 with the potential confinement adopted from that of the QD

in the growth direction through the dot center.18,23 The states beyond the LH

level become denser due to the larger hole effective mass and also to the LH

confinement potential, which leads to a quasicontinuum of tenuously bound

states.22 Three transitions (I, II, and III) indicated contribute to the response

as observed experimentally, where the transition III only observed at higher

biases has the much weaker contribution compared to the other two.

FIG. 2. (a) Spectral response (R) of the p-type QDIP at 78 K. Two response

bands at 1.5–3 and 3–10 lm originate from hole transitions between the

SO-HH and HH-HH QD levels, respectively. Inset: Gaussian fits to the spec-

tral response show a lower-energy response peak at 0.148 eV due to the LH-

HH transition. (b) Comparison between the response of the p-type QDIP and

heterojunction detector.14 The bias voltages are selected such that they lead

to nearly the same electric field. The heterojunction detector consists of 30

periods of p-type GaAs (3� 1018 cm�3, 18.8 nm) and Al0.28Ga0.72As

(60 nm). Its spectral response was reported elsewhere.14 (c) The variation of

peak responsivity with the electric field. The responsivity of p-QDIP is about

10–20 times higher than that of the heterojunction detector.14
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absorption than the bound-to-continuum transition.3

Compared to the HH to HH response, the short-wavelength

response contributed by the HH to SO transition is not as

strong as in the heterojunction case, as shown in Fig. 2(b). A

possible cause is the impact of strain on the local band

edges,23 leading to a much shallower SO confinement poten-

tial than the HH band and giving rise to continuum SO states.

Additionally, scattering events are required to transfer holes

in the SO states to the HH states of the barrier to facilitate

transport, which somewhat reduces the escape efficiency.

Typical QDIPs display bias-dependent multiple wave-

length responses as a result of the change between bound-to-

bound and bound-to-continuum transitions. Such an effect is

less pronounced in the present p-type detector compared to

n-type QDIP.24 It was observed that a long-wavelength

response tail rises at higher bias as shown in Fig. 2(a), the

Gaussian fit of which [inset of Fig. 2(a)] gives its peak at

0.148 eV. In view of its width (Dk=k ¼ 0:23, where k and

Dk are 8.3 lm and 1.9 lm, respectively), this response origi-

nates from the HH bound-to-LH bound transition as indi-

cated by transition III of Fig. 1(b) (0.160 eV by calculation).

The dark current-voltage characteristic of the p- QDIP is

shown in Fig. 3(a), and used, along with the experimentally

measured noise current (in), to obtain the noise gain (g)

through the expression: g ¼ i2
n=4eId, where Id is the dark

current. Figure 3(b) plots the noise gain as a function of

bias. Assuming that the photoconductive gain equals the

noise gain,2,6 the value of QE can be calculated from the

relationship between the responsivity (R) and gain:

QE ¼ R� h�=eg, where h� is the photon energy. As shown

in Fig. 3(c), QE reaches the maximum of 17% at �0.6 V.

The specific detectivity is given by D� ¼ R
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A� Df

p
=in,

where A is the device area and Df is the bandwidth. The

detectivity at 78 K for the response peak at 5 lm as a func-

tion of bias is shown in Fig. 4, with a maximum value of

1:8� 109 cm � Hz1=2/W at �0.4 V.

It was reported3 that the bias at which the maximum

detectivity is obtained progressively varies with the transition

type. The optimum operating bias of the bound-to-continuum

transition is close to 0 V.3 A recently demonstrated p-type

Ge/Si(001) QDIP17 based on the bound-to-continuum transi-

tion also confirmed this operation. For the InAs/GaAs p-QDIP

reported here, the bias-dependent detectivity as shown in

Fig. 4 indicates the bound-to-quasibound transition as the pri-

mary transition contributing to the response, in agreement

with the prior analysis based on computed electronic structure

[Fig. 1(b)].

It should be noted that the demonstrated p-QDIP does

not employ a dark current blocking layer [see Fig. 1(a)]. This

causes the dark current more than three order of magnitudes

higher than that of n-QDIPs typically using a blocking

layer.25 Although the current blocking layer also reduces the

responsivity, the noise is suppressed more effectively, lead-

ing to increased signal to noise ratio and the detectivity.25

On the basis of the present structure, further improvement on

the QE is possible through optimizing the transition type and

enhancing the absorption. Barve et al.3 reported the QE val-

ues for the bound-to-continuum, bound-to-quasibound, and

bound-to-bound transitions, the maximums of which are

�2%, 6%, and 12%, respectively. It is therefore expecting

an increase in the QE of the p-QDIP by operating based on

the bound-to-bound hole transitions. The enhancement of

absorption could be attained by optimizing the QDs, such as

the number, density, and uniformity of the dot layers, and

also by employing a resonant cavity.26

A major concern regarding the p-QDIP could be the

relatively lower mobility of holes, which causes limitation

on the speed performance as compared to operation through

electrons. However, the structure shown in Fig. 1(a) may

not be expected to display significant degradation in the

speed performance, owing to the use of undoped materials

(except for the d-doping regions). The mobility is mostly

determined by the GaAs barrier as the dots are much

thinner. The hole mobility (77 K) of p-type GaAs at

p¼ 1018 cm�3 is 900 cm2/V � s, and increases to about

104 cm2/V � s for undoped GaAs.27

To conclude, we have demonstrated the promise of

p-type hole transitions for QDIPs, with a higher QE of 17%

being achieved as compared to previously reported n-type

QDIPs grown on GaAs substrate.3 Two response bands at

1.5–3 and 3–10 lm were confirmed as being due to hole tran-

sitions from the HH to SO level and from the HH to HH

level, respectively. The broad response (Dk=k ¼ 0:42) and

FIG. 3. (a) Dark current density of the p-type QDIP at different tempera-

tures. (b) and (c) (shown as insets) are the noise gain and QE, respectively.

The noise gain is calculated by using experimentally measured noise current

and dark current. QE is obtained by assuming that the photoconductive gain

equals the noise gain.2,6

FIG. 4. The specific detectivity of the p-type QDIP for the response peak at

5 lm, plotted as a function of the bias.
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the behavior of the bias-dependent detectivity indicate that

the response originates from the bound-to-quasibound transi-

tion, agreeing with the computed electronic structure of the

QDs. Despite the absence of current blocking layers, a spe-

cific detectivity of 1:8� 109 cm � Hz1=2/W was obtained for

the response peak at 78 K and at 5 lm.
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