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Abstract: We demonstrate the photon-number-resolving capabilities of a novel quantum dot,
optically gated, field-effect transistor cooled to 4 K. Peaks are observed in the detector’s response
to highly attenuated laser pulses in accordance with Poisson statistics.

This is a submission of the US government and is not subject to US copyright.
OCIS codes: (230.5160) Photodetectors; (040.3780) Low Light Level; (270.5290) Photon Statistics

Detectors capable of resolving the number of photons in an optical pulse are important components for the
advancement of quantum information systems and experiments. Here, we report on the photon-number-resolving
(PNR) capabilities of a novel semiconductor quantum dot, optically gated, field-effect transistor (QDOGFET). The
QDOGFET consists of a GaAs/Alp2GagsAs 6-doped field-effect transistor with a layer of InGaAs quantum dots
(QDs) positioned relative to the high-mobility two-dimensional electron gas (2DEG) as illustrated in Fig. 1. The
structure is constructed on a GaAs substrate and is designed to efficiently detect photons transmitted by the
semitransparent gate and absorbed in the GaAs region separating the QDs and the 2DEG. Photo-absorption is
isolated to the gated region of the structure (active area) by masking the ungated portions of the channel with an
opaque Au frame. The frame is electrically isolated from the QDOGFET by first depositing a transparent layer of
Al,O;. With a reverse bias applied to the gate, photo-excited holes are swept by the internal electric field toward the
QD layer, where they are trapped, while the corresponding electrons are swept in the opposite direction, where they
join the 2DEG. Confined to the QDs, the positively charged holes screen the internal electric field for as long as
they are stored in the dots and subsequently cause an increase in channel current . It can be shown [1] that the
change in the channel current caused by the trapping of Npp holes is given by
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where g, is the FET transconductance, e is the elementary charge, W is the distance between the gate and the QD
layer, &’ is the electric permittivity of Aly2GaggAs, and 4 is the active area of the device. Over time, the charging of
the QDs caused by even a single charge results in a large change in the cumulative charge transferred in the channel
(a small change in the channel current integrated for a long time). This photoconductive gain gives the QDOGFET
single-photon sensitivity to light of the appropriate photon energy. Moreover, because Al is proportional to the
number of trapped holes, Eq. 1 indicates that such a device should be capable of determining the number of photons
in an optical pulse with single-photon resolution.
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Fig. 1. Schematic diagram of the QDOGFET structure.

Recently, we demonstrated [2] single-photon detection using a QDOGFET similar to that shown in Fig. 1. That
device exhibited a linear response to the average number of photons, low dark counts, and an internal quantum




efficiency of ~70%; however, the signal caused by one photon was not well resolved from that caused by two or a
few photons. The structural design of that device was identical to that of the QDOGFET reported on here with the
following two exceptions: (1) the Au frame was not present, and as a result, photons were absorbed in the ungated
channel region as well as in the active area, and (2) the source and drain ohmic contacts reached the GaAs buffer
layer (GaAs layer to the right of the Si 3-doped layer in Fig. 1), resulting in a parallel conduction path associated
- with a secondary 2DEG. Measurements [2] indicated that photons absorbed near the edges of the active region and
absorbed in the GaAs buffer layer caused small changes in I, contaminating the changes caused by the charging of
QDs in the interior of the active region of the device. These parasitic effects degraded the uniformity of the
measured current changes and, as a result, degraded the number-resolution of the detector. Here, we mask the edges
of the gated region to limit the QDs available for charge storage to those in the interior of the active area, and we
increase the thickness of the AlGaAs buffer layer to eliminate the parallel conduction path by not allowing the
ohmic contacts to reach the secondary 2DEG. As demonstrated below, these modifications improve the uniformity
of the detector’s responses to individual photons allowing for the realization of the PNR capabilities of the
QDOGFET indicated in Eq. [1].
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Fig. 2. Distributions of measured current changes Al without laser illumination (a) and for three different incident photon
fluxes (b-d). Horizontal lines indicate current changes calculated from Eq. [1] caused by the trapping of 0, 1 and 2 holes.

We investigated the PNR abilities of the QDOGFET at 4K by illuminating the 1 um® detection region
of the device with a 0.5 Hz train of highly attenuated laser pulses (1.54 eV photon energy) tuned just above the
bandedge of the GaAs layer and by monitoring Al caused by each pulse. After each pulse, the device was reset by
temporarily forward biasing the gate. This floods the QD layer with electrons, which subsequently discharge the
dots by recombining with the trapped holes. Fig. 2 shows the distributions of current changes measured without
laser illumination (Fig. 2a) and measured for three different incident photon fluxes (Fig. 2b-d). Given the geometry
and transconductance of the device, Eq. [1] indicates that each trapped hole should change I, by 0.33 nA.
Horizontal dotted lines dictated by Aly = Ngp X 0.33 nA for Ngp = 0, 1 and 2 are included in the figure. In the
absence of laser light, the distribution consists of a single peak associated with the detection of zero photons where
the width of the peak represents current fluctuations associated with electrical noise. By comparison, when the
device is weakly illuminated, additional peaks associated with Npp=1 and 2 are observed, in accordance with the
Poisson statistics of the laser pulses. For each data set, the probability that zero photons are detected, P(0), is given

by P(0)= exp[—NQD] . Each of the data sets shown in Fig. 2 are labeled by IVQD evaluated using this expression

and the experimental data, We check the self-consistency of the measurements by evaluating p/ N, op » Where pis the

distribution mean, for each data set. This analysis indicates that on average each trapped hole changes I by
0.34+0.01nA, in good agreement with the positions of the observed peaks and the value calculated using Eq. [1].

It is important to reiterate that the peaks observed in the distributions represent numbers of trapped holes, as
opposed to the number of incident photons. Currently, the quantum efficiency (trapped holes / photons incident on
the detection window) of the detector is <6 %. Future work on the detector will include incorporating the device
into a resonant cavity and increasing the size of the detection area to improve the coupling efficiency. Support for

this project has been provided by DTO.
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