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A resonant cavity-enhanced (RCE) quantum dot (QD) field-effect transistor (RCEQDFET) is designed for single-
photon detection in this paper. Adding distributed Bragg reflection (DBR) mirrors to the single-photon detector (SPD), we
improve the light absorption efficiency of the SPD. The effects of the reflectivity of the mirrors, the thickness and light
absorption coefficient of the absorbing layer on the detector’s light absorption efficiency are investigated, and the resonant
cavity is determined by using the air/semiconductor interface as the mirror on the top. Through analyzing the relationship
between the refractive index of Al,Ga;_,As and Al component, we choose AlAs/Alj 5GaggsAs as the material of the
mirror on the bottom. The pairs of AlAs/Aly 15Gag g5As film are further determined to be 21 by calculating the reflectivity
of the mirror. The detector is fabricated from semiconductor heterostructures grown by molecular beam epitaxy. The
reflection spectrum, photoluminescence (PL) spectrum, photocurrent response, and channel current of the detector are
tested and the results show that the RCEQDFET-SPD designed in this paper has better performances in photonic response

and wavelength selection.
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1. Introduction

With the improvement of quantum communication, it
is necessary to develop more sophisticated single-photon
detector.l!=> This is also crucial to scientific research in the
areas of low light measurements in chemistry and astronomy,
medical imaging, etc.[®7! Several types of SPDs have been de-
veloped to date.

The first type of SPD includes photomultiplier tube
(PMT) and avalanche photodiode (APD) which are based on
external and internal photoelectric effects respectively. PMT
mainly works for the visible light and ultraviolet and possesses
low quantum efficiency at the infrared wavelength.[®! Many at-
tempts have been made to improve the performance of APD
especially in reducing the afterpulsing noise and increasing

[9-111 Using the self-differencing technique,

the gating rates.
the quantum efficiency of APD can be enhanced considerably
at high gating rates while the afterpulsing noise does not in-
crease a lot.['>13] However, as PMT and APD rely on the
photo-multiplication principle, they both have the disadvan-
tages of high dark count rate and low detection efficiency, and
the detection wavelength of most instruments are restricted in
a region of visible spectrum. 141!

Superconducting SPD (SSPD) including superconducting
nanowire SPD (SNSPD) and transition edge sensor (TES) rep-
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resents another type of SPD which is based on superconduct-
ing material sensitivity to the variation in temperature. The
SSPD is suitable for operation at telecommunication wave-
length with low dark count rate, high detection efficiency and
speed. Recently, multichannel SSPD systems have been rec-
ognized as promising instruments which have been used in
several areas such as optical communications, quantum op-
tics, and quantum key distribution.[!-'°l What is more, divid-
ing the active area of the detector into multi-arrays is an attrac-
tive way to avoid the trade-off between the maximum counting
rate and detection efficiency of the detector. The realization of
large format SSPD arrays will have a great influence on vari-

(201 However, the quantum communica-

ous application fields.
tion requires the preservation of spin information of photogen-
erated carriers while the ones in SSPD are not obtainable. For
this reason, SSPD is not suitable for single photon detection in
quantum communication. 21?1

By contrast, a new type of SPD based on quantum dot
field-effect transistor can safely bound the photogenerated car-
riers, realizing spin coherent SPD.?3! QDFET-SPD uses a
layer of quantum dots (QDs) as charge traps to confine the
photogenerated carriers which are monitored by a transverse
current flowing in a two-dimensional electron gas (2DEG). >4

In 2000, Shields ez al.'>! reported the detection of single pho-
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tons based on GaAs/AlGaAs modulation-doped FET contain-
ing a layer of InAs QDs. The capture of single photoex-
cited carriers by QDs leads to measurable fluctuations of the
source—drain current in their SPD. As the location of the ab-
sorbing region and QDs can be controlled independently, vari-
ous active area sizes and dimensions can be realized in the fab-
rication of the QDFET-SPD with information uniformity and
low dark count rate.’®) According to Ref. [27], a dark count
rate of 0.003 Hz can be obtained with an internal quantum ef-
ficiency of 53+11%. For comparison, the dark count rate of
APD is up to 16 Hz even after optimization.[?! Meanwhile,
due to the confinement effect of QDs to the photogenerated
carriers, the afterpulsing noise in the QDFET-SPD should be
very low compared with APD.

While QDFET-SPD has high internal gain, its overall ef-
ficiency is merely 2~3 percent.*’! It is mainly caused by the
poor light absorption efficiency of QDFET-SPD while most of
the light directly passes through the separator and enter into
the substrate without being absorbed. To resolve this problem,
a QDFET-SPD with a resonant cavity is proposed in our previ-
ous work*%! which significantly enhanced the light absorption
of the detector at 800 nm. However, in our later tests of the
photocurrent and photonic response, we find that the central
working wavelength of the detector shifts a dozen of nanome-
ters from 800 nm, the causation of which is possibly that the
GaAs buffer affects the reflection effect of GaAs/AlAs films
and the structural parameters of the detector are selected im-
properly. We therefore redesign an RCEQDFET-SPD by start-
ing from the analysis of the influencing factors of the detec-
tor’s light absorption efficiency. By enhancing the resonance
of the light in the detector, the detector achieves enhancive
light absorption efficiency as well as central working wave-
length located around 800 nm.

2. Structure of the RCEQDFET-SPD

The structure of the RCEQDFET-SPD is shown in Fig. 1.
The basic structure of the detector is a QDFET. A layer of QDs
is injected between the gate and 2DEG. To obtain a higher
carrier concentration and an electron mobility, an Si layer is
doped via & doping technology under the AlGaAs separator.

An absorbing layer and two distributed Bragg reflec-
tion (DBR) mirrors which together compose a resonant cav-
ity are added to enhance the light absorption efficiency of the
QDFET-SPD. The incident light is reflected back and forth,
and made to interfere with each other in the cavity. By de-
signing an appropriate cavity length, the optical intensity can
be amplified remarkably at the wavelength of interest.[31-3]
Meanwhile, as the mirror is placed between the separator and
buffer, the formation of a second 2DEG is prevented. What
is more, due to the resonance effect of two DBR mirrors, the
RCEQDFET-SPD has the capability of selecting a wavelength

which greatly reduces the noise jamming and the dark count
rate. When the gate is at a bias voltage, the photogenerated
holes will be trapped by the QDs. Then the photoconductance
will increase greatly through the combined action of the reso-
nant cavity and the modulation of the QDs, thereby realizing
single-photon detection.
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Fig. 1. (color online) Structure of the RCEQDFE-SPD.

3. Influencing factors of the light absorption ef-
ficiency of detector

The light absorption efficiency of the detector refers to the
ratio of the power of the light absorbed by the absorbing layer
(P,) to the power of the incident light (P,). The relationship*®!
between P, and P, in the RECQDFET-SPD is as follows:

P o— l—i-Rbeiad
T 1—2y/RRye%cos(2BL+ Wi + ¥ ) + RiRp e —20d
% (1—Ry) (1 _ e*“d)Pi (1)

where R, and Ry, are the reflectivities of the mirrors on the top
and bottom respectively, & and d are the light absorption coef-
ficient, and thickness of the absorbing layer respectively, f8 is
the propagation constant, L denotes the distance between two
DBR mirrors, y; and Wy denote the phase shifts induced by
the optical transmission in the mirrors on the top and bottom
respectively. Therefore, the light absorption efficiency of the
detector can be denoted as

_ P, _ 1+Rbeiad
P 1-2yRRpe % cos(2BL+ y; + W) +RRpe 2
% (1—Ry) (1 _ e—“d). )

According to the theory of resonant cavity, the light ab-
sorption efficiency of the detector will reach a maximum value
when 2L + y; + Y, = 2mm. In this condition, the maximum
light absorption efficiency of the detector can be expressed as

(1+Rpe—)
(1—RRye—4)

S (1=Ry) (1— e*“d). 3)

Nmax =
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From Eq. (3), we can figure out that the maximum light
absorption efficiency of the detector is related to the reflectiv-
ities of the mirrors on the top and bottom, the light absorp-
tion coefficient, and thickness of the absorbing layer. For the
convenience of analysis, ad in Eq. (3) is defined as normal-
ized absorption coefficient which indicates the characteristic
of the absorbing layer. Figure 2 shows the maximum light ab-
sorption efficiency variation when R; = 0.9. In such a circum-
stance, only when Ry, is large (larger than 0.9) and od is small
(smaller than 0.2) can the light absorption efficiency reach a
relatively high value, therefore the reflectivity of the mirror
on the top should not be designed to be too high. Therefore,
we choose a scheme without a mirror on the top, and use the
air/semiconductor interface instead, of which the reflectivity
is about 0.3. When R; = 0.3, the maximum light absorption
efficiency variation is illustrated in. Fig. 3.

TImax
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Fig. 2. (color online) Maximum light absorption efficiency variation
when R, = 0.9.
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Fig. 3. (color online) Maximum light absorption efficiency variation
when R = 0.3.

It is shown that the maximum light absorption efficiency
changes when od is between 0 and 1.5 and basically stabilizes
at 0.7 when ad is larger than 1.5. What is more, the reflectivity
of the mirror on the bottom should be larger than 0.5 to obtain
arelatively high light absorption efficiency. To further analyze
the effect of the reflectivity of the mirror on the bottom on the

light absorption efficiency of the detector, the maximum light
absorption efficiency is simulated when the values of ad are
0.05, 0.3, 0.6, 1, and 1.5. The results are shown in Fig. 4.
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Fig. 4. (color online) Variations of maximum light absorption efficiency
with reflectivity of the mirror on the bottom for several different values
of ad (0.05,0.3,0.6, 1, and 1.5).

It is found that the maximum light absorption efficiency
increases in turn with the increase of ad when Ry is smaller
than 0.55. However, when Ry, is larger than 0.8, the detec-
tor with ad being 0.6 has the best light absorption efficiency

whose maximum value reaches 0.99.

4. Design of resonant cavity

From the above analysis, we can know that the reflectiv-
ity of the DBR mirror on the bottom has a great effect on the
light absorption efficiency of the RCEQDFET-SPD. The re-
flectivity should be as high as possible in order to achieve bet-
ter light absorption efficiency. In this paper, the DBR mirror
is constructed by alternately growing Al,Ga;_,As film. We
simulate the refractive indices®”! of Al,Ga;_,As when the Al
components are 0.15, 0.9, and 1 as illustrated in Fig. 5. It is
shown that the refractive index of Al,Ga;_,As has little dif-
ference when the Al components are 0.9 and 1, while it has
relatively big difference when the Al components are 0.15 and
1. For the DBR mirror having higher reflectivity, the alter-
nately grown Al,Ga;_,As films should have bigger difference
in refractive index. Therefore, AlAs/Aly 15GaggsAs is cho-
sen as the material of the mirror on the bottom. We can also
figure out that each curve has two singularities due to the coin-
cidence between the incident photon energy and the band gap
of Al,Ga;_,As which causes intrinsic absorption. To avoid
the material failure caused by this phenomenon, Al,Ga;_,As
is unsuited for working at the wavelengths below the singular-

ities.
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Fig. 5. (color online) Refractive index of Al,Ga;_,As when the Al
component is 0.15, 0.9, and 1.

If there are k pairs of AlAs/Alg.15Gag gsAs, the reflectiv-
ity of the mirror on the bottom can be denoted as*®!

b =

2
1= (mjm) ”Z)Zkl , (4)

1+ (l’l] /l’lz)Zk

where n; and np denote the refractive indices of AlAs and
Alp.15Gag g5 As respectively. According to Eq. (4), the reflec-
tivity of the mirror on the bottom is simulated, with the values
of k being 10, 20, 21, and 25, and the results are illustrated in
Fig. 6.
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Fig. 6. (color online) Variations of reflectivity of the mirror on the bot-
tom with wavelength, with the values of k being 10, 20, 21, and 25.

It is found that the reflectivity of the mirror on the
bottom increases in turn with the increase of the pairs of
AlAs/Aly 15Gag gsAs at the working wavelength of the de-
tector. At the beginning, they are all above 0.99 no mat-
ter what the value of k is, but the reflectivity of 15 pairs
of AlAs/Aly 15Gag gsAs decreases fast. At long-wave band,

the reflectivity reaches ~ 0.99 when k = 20 while it is

totally above 0.99 when k = 21 and approaches 1 when
k = 25.
AlAs/Aly 15Gag gsAs interface can lead to the increase of

Owing to the fact that the barrier spike on the

the series resistance of the mirror on the bottom, many
AlAs/Aly 15Gag g5As pairs will reduce the performance of the
detector in aspects of high-speed response, photoconductive
gain, etc., and the pairs of AlAs/Aly 15GaggsAs are ultimately
determined to be 21. Therefore the series resistance can be
reduced as much as possible while the reflectivity is very high.

According to the analysis on Fig. 4, when R}, is 0.99,
the normalized absorption coefficient of the absorbing layer
should be designed to be 0.6 so as to reach the maximum light
absorption efficiency. As the light absorption coefficient of
GaAs which is chosen as the material of the absorbing layer
is about 4 x 10* cm™!, the thickness of the absorbing layer
should be designed to be 150 nm.

5. Experimental results and discussion

Based on the above analysis, the RCEQDFET-SPD is fab-
ricated from semiconductor heterostructures grown on GaAs
substrates by molecular beam epitaxy, with 800 nm taken
as its central working wavelength. The heterostructure lay-
ers consist of the following parts from the bottom to the
top: 300-nm GaAs buffer, 21 pairs of AlAs/Aly15GaggsAs
films, 300-nm Aly6Gag74As barrier, & doping layer, 30-
nm Aly26Gag 74As separator, 110-nm 2DEG, QD layer, 5-nm
GaAs overcoat, 20-nm Al 26Gag.74As blocking layer, 110-nm
Si-doped (1.3x 10" cm™3) Aly26Gag.74As barrier, and 10-nm
Si-doped (2.1x10'"® cm~3) GaAs contact layer.

Figure 7 shows the reflection spectrum and photolumi-
nescence (PL) spectrum of the detector which are measured
at room temperature. It is shown that the center of the high
reflection band and the peak of PL intensity are located at
797 nm and 801 nm respectively, which only mismatch the
central working wavelength of the detector slightly. The cau-
sation of this slight error may be that the thickness and flat-
ness of AlAs/Aly 15Gag.gsAs film do not strictly accord with
our theoretical design during the epitaxial growth. The PL in-
tensity also has a relatively small peak at ~700 nm, which
is induced by the tunneling effect inside the detector. Except
for the fluctuations at ~ 700 nm and 801 nm, the PL spec-
trum almost remains stationary, no matter how the reflection
varies, which proves the capability of wavelength selection of
the RCEQDFET-SPD.

The photocurrent response of the detector at 0.3-V bias is
illustrated in Fig. 8. As shown here, the curve peaks at 796 nm
which basically matches the central working wavelength of the
detector. Besides, there is a relatively small peak in wave band
from 470 nm to 550 nm, the cause of which may be that the
photon energy in this band is close to the GaAs barrier edge
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and the escape rate of photogenerated carrier is quite high so
that the photocurrent is enhanced.

T T 301 nm T T 6 "
1.0f - . . ey
—— reflective index | =
77777 PL intensity A
0.8 la
.z 06 >
: B
E 0.4 12 2
9]
g
Q
0.2 E
70 =
0 &1
700 800 900 1000
Wavelength/nm

Fig. 7. (color online) Reflection spectrum and PL spectrum of the de-
tector.
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Fig. 8. (color online) Photocurrent response of the detector at 0.3-V
bias.

For the purpose of testing the channel current of the de-
tector, a single-photon source should be used for preciseness.
In practice, many researchers/?>27-3%40 have approximately
simulated the single-photon source by attenuating the LED
or laser. In this paper, a wavelength tuning laser working
at 800 nm with a repetition rate of 10 kHz is controlled to
work for 20 ms, therefore a train of 200 photon bursts is
emitted. The power of photon bursts is finally attenuated to
12x10~% nW by 60-dB attenuation slices. Therefore, the av-

erage photon number of each burst is

P AP

= = ~ 4.8 5
hor  chr ’ )

p
where P, and @ denote the power and frequency of the atten-
uated photon bursts respectively, 4 is the Planck constant, r is
the repetition rate of the laser, c is the light velocity in vacuum,
and A is the wavelength of the light.

Figure 9 shows the channel currents of the detector. The
measured value (solid line in Fig. 9(a)) has two spikes at the
beginning and end of the curve which is caused by the gate
reset operation. Once the photon stream arrives at ~10 ms,

the channel current of detector rises continually until the pho-
ton stream ends. The measured value from 20 ms to 20.7 ms
(marked with dotted ellipse in Fig. 9(a)) is magnified, which is
shown in Fig. 9(b). It shows that the channel current actually
rises in a stair-step manner while each step corresponds to one
photon burst, namely ~ 4.8 photons averagely. However, dif-
ferent steps may correspond to different numbers of photons
as the number of photons obeys the Poisson distribution. One
photon burst with the number of photons less than the average
value arouses a smaller step size than the average.

In Fig. 9(a), the dashed line represents the simulated
channel current!*?! of QDFET-SPD, which represents the best
value a QDFET-SPD may achieve before adding resonant cav-
ity. It can be obviously observed that the RCEQDFET-SPD
can realize single photon detection effectively and both the
slope and values of measured results are greater than the sim-
ulated ones, which indicates that the RCEQDFET-SPD de-
signed in this paper has better photonic response than the one
before optimization.
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Fig. 9. (color online) (a) Channel current of the detector, and (b) mag-
nified curve from 20 ms to 20.7 ms.

6. Conclusion

In this paper, we designed an RCEQDFET-SPD with the
emphasis on enhancing the light absorption efficiency of de-
tector. We proposed a scheme in which a 150-nm GaAs ab-
sorbing layer and a DBR mirror composed of 21 pairs of
AlAs/Aly 15Gag gsAs film are placed on the bottom of the
detector to enhance the light absorption. Theoretically, the
RCEQDFET-SPD has better light absorption efficiency and
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wavelength selection at its working wavelength than the one
before optimization. Practically, the center of the high re-
flection band, the peak of PL intensity, and photocurrent re-
sponse of the experimental sample whose central working
wavelength is designed to be 800 nm are located at 797 nm,
801 nm, and 796 nm respectively. Meanwhile, the measured
channel current of the experimental sample indicates that the
RCEQDFET-SPD realizes single photon detection effectively
and performs better in photonic response and wavelength se-
lection than the one before adding resonant cavity. The re-
search results provide a new idea for designing a QDFET with
high detection efficiency.
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