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We present Capacitance-Voltage (C(V)) measurements of self-assembled wurtzite-GaN quantum dots (QDs). The QDs
are embedded in a charge-tunable diode structure and were grown by molecular beam epitaxy (MBE) in the Stranski-
Krastanov growth method. The internal electric fields present in GaN and its alloys together with its wide bandgap
make this material system an ideal candidate for high-temperature quantum applications. Charges and the internal
electric fields influence the energy spacing in the QDs. We correlate photoluminescence measurements with C(V)
measurements and show single-electron charging of the QDs and a Coulomb blockade energy of around 70 meV at
room temperature. This finding demonstrates the possibility of quantum applications at room temperature.

Quantum dots (QDs) have opened a new dimension in
semiconductor physics and technology research due to their
atom-like energy structure. They are already used in applica-
tions such as QLEDs1 and quantum information technology
applications are within reach.2 Single charge quanta control
via a Coulomb blockade plays a significant role in stabiliz-
ing the emission and eliminating the blinking of GaAs QDs
for quantum photonics.3 However, applications as quantum
bits in GaAs-based alloys are so far limited to low temper-
atures of about T < 20 K.4 GaN and its alloys, in contrast,
have properties that make them ideal candidates for high-
power and high-temperature microelectronic and QD storage
devices5,6, such as their excellent mechanical and thermal sta-
bility, high thermal conductivity, wide bandgap and large con-
finement energies. Commercial applications for GaN-based
systems can be found in light emitting diodes and semicon-
ductor lasers. Furthermore, huge progress in single-photon
sources operational at ambient temperatures using QDs has
been made.7–9 Due to repulsive Coulomb interactions, charg-
ing of QDs in, e.g., diode structures, is accompanied by an
additional energy to the ground state, called the Coulomb
blockade energy. This effect can be used to realize quantum
electronic applications. Coulomb blockade has been observed
in GaN nanostructures in several studies before: At a tem-
perature of up to 3 K, Coulomb oscillations were observed
in a quantum point contact forming a GaN single-electron
transistor.10 Coulomb blockade with a single electron charg-
ing energy of 10 meV at 12 K was found in a self-assembled
GaN QD.11 In a double barrier GaN-nanostructure and a tem-
perature regime of up to 35 K, a Coulomb blockade energy
of 10 meV was measured.12 The low Coulomb blockade in
these studies originate from large-size QDs. Though elec-
tron charging at higher temperatures has been observed in
Ge QDs in p-silicon substrates13 and electron tunneling with
storage in nano-crystalline silicon floating gate double-barrier
structure14, single-electron charging at ambient temperatures
was not resolvable in these measurements. This contribution
shows single-electron charging of self-assembled w-GaN QDs
in a charge-tunable heterostructure at room temperature via
capacitance-voltage (C(V)) spectroscopy. To the best of our
knowledge, a Coulomb blockade energy has not been reported

so far at room temperature. The findings in this study demon-
strate the applicability for future quantum applications and de-
vices at ambient temperatures.

The sample was grown by molecular beam epitaxy on a
(0001) sapphire substrate. Ammonia was used as the ni-
trogen source and at a flow rate of 50 sccm, whereas solid
sources were used for Ga, Al, and Si. At first, a 30nm-thick
GaN buffer layer was grown at 450°C followed by a 150-nm
thick AlN layer at 900°C. The diode structure begins with a
700 nm Si-doped Al0.4Ga0.6N layer at 840°C for the back con-
tact with a doping concentration of 2× 1018 cm−3. A 13 nm
Al0.4Ga0.6N layer then follows as the tunneling barrier, sep-
arating the back contact from a layer of self-assembled GaN
QDs. The QDs are grown in a modified Stranski-Krastanov
method with a two-dimensional (2D) GaN growth mode fol-
lowed by a 3D island formation during a growth interrup-
tion under vacuum. The 2D GaN layer, the wetting layer
(WL), consists of the pseudomorphic first monolayers which
are lattice-matched grown and wetten the surface. Above
this WL, the QD formation takes place. The GaN deposited
amount is about 2 nm (equivalent to 8 monolayers), and the
QD density of about 1×1011 cm−2.15 On top follows a 90 nm
Al0.4Ga0.6N layer as an insulating spacer and a 3 nm GaN
cap layer for chemical stability. More details can be found in
reference16. The back contact consists of Ti/Al/Ni/Au. Ni/Au
gates with an area of 2×10−4 cm2 on top of the sample form
a Schottky contact with a Schottky barrier of 1.05 eV17. This
charge-tunable diode structure allows C(V) spectroscopy18

measurements. For this, we use an SR850 lock-in amplifier
and apply a superimposed 10 mV AC and sweep DC signal
to the sample gate and measure the AC amplitude at the back
contact, which gives us the differential capacitance. The sam-
ple is mounted in a He closed-cycle cryostat (company Trans-
MIT) for temperature-dependent measurements.

The excitonic energy states of the GaN QDs are shown in
the PL measurement in Figure 1a. The peaks labeled as s and
p correspond to the ground state and the first excited excitonic
state of the main QD ensemble. The small shoulder labeled
ssub on the lower energy side of the spectrum indicates larger-
sized QDs, which we identify as a subensemble19. The broad-
ening of the s-peak indicates a hidden peak psub originating
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FIG. 1. (a) PL spectrum at 300 K of the sample N2189 (dotted black
line). The peaks are labeled according to the energy states for the
GaN QDs with the corresponding gaussian fit in green. The red
line is the cumulative fit. (b) HRTEM images of a QD from the
subensemble (left) and the main ensemble (right), respectively. The
red bars give the lateral and horizontal dimension.

TABLE I. Energy spacing between quantum states in the PL and
from one-dimensional simulation in the effective-mass approxima-
tion with ∆(ssub,s) = E(s)−E(ssub) and ∆(ssub, psub) = E(psub)−
E(ssub).

∆(ssub,s) ∆(ssub, psub)
PL at 300 K 210 meV 150 meV

Simulation at 300 K 193 meV 195 meV

from the subensemble, which correlates to the subensemble’s
p-state. We fit the spectrum with Gaussians for the ensemble
and subsensemble accordingly. The peak energy position dif-
ferences from the PL and simulation for s, ssub and psub are
shown in Table I. The energy shift of the QDs is related to the
quantum confined stark effect20 due to the difference in height
of the ensemble and subensemble.

Figure 1b shows HRTEM images of GaN QDs assigned
to the subensemble (left) and the main ensemble (right). In
agreement with previous studies21, the QDs have the shape of
a truncated pyramid with average dimensions of 5 nm height
and 20 nm diameter for the main ensemble. For the subensem-
ble, an average size of 7 nm in height and 25 nm in diameter
are measured. The QD height is crucial for the energy confine-
ment and energy spacing due to the internal electric field.22,23

Figure 2a shows a one-dimensional band structure simula-
tion along the growth direction z, at different cross sections

FIG. 2. (a) One-dimensional simulated band structure profile of the
sample N2189 at 300 K with a QD (black) and WL (red) with-
out applied gate voltage, simulated with Nextnano24. The sample
heterostructure is shown colored in the background. Total distance
dtotal , tunnel distance dt , and tunnel barrier height Et are indicated
for the quantum dot and WL, respectively. Region of ionized donors
over the conduction band and the pivot points are indicated. (b)
Nextnano simulated contour plot of a truncated pyramidal shaped
GaN QD in an Al0.4Ga0.6N matrix. The red and black line indicate
the cross section of the simulation from Figure 2a for the WL and
QD, respectively.

in the x,y-plane (see Figure 2b for the two-dimensional sim-
ulation of the QD and the Al0.4Ga0.6N matrix). One of a QD
(black line) and the other only the WL (red line). The main
difference between the two lies in the barrier thickness dt to
the back contact and the barrier height Et . Due to the internal
electric fields present in the structure, the barrier formed by
the Al0.4Ga0.6N conduction band is thicker and higher at the
QD position than outside the QD position. Compared to the
WL potential, the QD potential is shifted to lower energies



Coulomb blockade: Towards charge control of self-assembled GaN quantum dots at room temperature 3

and further away from the back contact: the distance dt,QD
between the QD and the back contact is larger than the dis-
tance dt,WL of the WL to the back contact. The voltage scale
can be converted into an energy scale via the linear lever arm
approximation25, expressed as:

E = λ
−1e(Vbi −VG), (1)

where e is the elementary charge, Vbi is the Schottky barrier
height, VG is the applied gate voltage and λ = dtotal

dt
, the lever

arm.
Figure 3a shows bidirectional C(V) measurements on the

same sample as in Figure 2 at temperatures ranging from
150 K to 300 K. The arrows below and above the curves in-
dicate the sweep direction of the gate voltage. For low tem-
peratures (up to 200 K), the capacitance smoothly increases
with bias across the whole gate voltage sweep, reflecting the
change of the depletion width and charging of the back con-
tact. With increasing temperatures, two things change. First,
the whole capacitance curve shifts towards a higher value in-
dicating a reduction in coupling distance to the back contact.
Second, a distinct hysteresis arises. At intermediate tempera-
tures (250 K), the hysteresis is highest. The forward sweep
(left to right) shows a rapid increase of the capacitance at
around 0.2 V. This signal originates from the charging of the
QDs through the WL. The backward sweep (right to left) in-
stead shows three peaks, which we attribute to the discharg-
ing signals from the QDs. For high temperatures (300 K), the
QD charging (forward sweep) through the WL occurs at lower
biases (-0.25 V) due to thermal activation. The discharging
(reverse sweep) remains about the same in this bias range so
that the hysteresis decreases. The backward sweep signal sub-
tracted from the forward sweep signal is plotted in the inset of
Figure 3a for improved visibility and fitting. The 250 K sig-
nal (green) with the highest hysteresis is shown in bold. Four
peaks can be discerned with rising temperatures up to 250 K,
at which point their height decreases. Furthermore, peak 4
disappears due to the WL charging shift towards lower gate
voltages with rising temperature. In Figure 3b, the spectrum
at 250 K is fitted with Gaussian peaks. We attribute peak 1 to
the lowest energetic states of the subensemble with the larger
dimensions and Peak 2 and 3 with the larger signal to the low-
est energetic states s1 and s2 of the main ensemble. An ad-
ditional energy separates the s-states, the Coulomb blockade
energy26, to charge the QD with a second electron. Since the
same Coulomb repulsion applies to the subensemble as well,
peak 1 is attributed to s1sub and a hidden peak s2sub underneath
peak 2. Peak 4 must then originate from the next lowest en-
ergy state, which is the p1sub state of the subensemble. In Fig-
ure 3c, we evaluate the integrated peak area, which reflects the
measured charge, from our fits in Figure 3b. For the s-states,
we observe a maximum at 250 K for both, the subensemble
and main ensemble. The p1sub signal appears to be partially
suppressed from the WL signal as reflected in the low charge.
The p1sub signal shows no such temperature dependence like
the s-states. We calculate the measured QD density from the
single charge density with respect to the gate area A. Here,
we focus on the signal at 250 K, as it is the most prominent
signal. Considering the s-states of the subensemble and main

FIG. 3. (a) Temperature dependent C(V) measurement with bidi-
rectional (arrows for sweep direction) gate sweep shown for 150,
200, 250, and 300 K. The inset shows the backward sweep subtracted
from the forward sweep. (b) Gaussian fitted spectrum with each QD-
state (green) for the 250 K signal (black) and the cumulative signal
(red) from the fits. (c) The integrated area of each peak fit, from Fig.
3a (inset), is shown for temperatures between 220 K and 300 K in
10 K steps.
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FIG. 4. (a) Bidirectional (arrows for sweep direction) frequency-
dependent C(V) measurement from 133 Hz to 1233 Hz in 100 Hz
steps. The inset shows the differential spectra of the forward and
backward sweep. (b) Frequency-dependent amplitude of the fitted
difference spectrum for each s-state and a Lorentzian example fit (red
line).

ensemble, we measured a total charge Q of 2.85×1010 C and
5.73× 1010 C, respectively. Dividing the total charge Q by
a factor of two, due to the two electrons, by the gate area A
and considering the corresponding lever arm λ of 4.1 for the
main ensemble and 3.5 for the subensemble, we obtain a QD-
density ρQD of:

ρQD =
Qmainλ +Qsubλsub

2eA
= 8.6×1010 cm−2, (2)

in accordance with the estimated QD-density from a reference
sample of around 1× 1011 cm−2. This confirms our assign-
ment of single-electron charging for each peak. To further in-
vestigate the QD signal, we conducted a frequency-dependent
C(V) measurement at 300 K shown in Figure 4a, ranging from
133 Hz to 1233 Hz, with the difference spectrum (backward
sweep subtracted from the forward sweep) in the inset. Ac-
cording to previous studies27,28, the peak heights of the C(V)

spectra should follow a Lorentzian dependence on frequency.
However, here, we have a much weaker frequency dependence
than the Lorentzian dependence, as depicted in Figure 4b.

These measurements show a thermally activated process
due to the strong temperature dependence and the freeze-out
at lower temperatures. Moreover, the coupling between the
QDs and the back contact is not a matter of pure tunnel cou-
pling due to the non-Lorentzian frequency dependence as in-
dicated in Figure 4b. Therefore, we propose a model employ-
ing an additional donor-assisted coupling and an intermediate
WL transfer state. A schematic of the conduction band and
its simplified quantum states of the WL and QDs , based on
the one-dimensional simulation from Figure 2, where the WL-
state is situated 108 meV above the first s-state of the QD and
still below the p-state of the QD (206 meV above the s-state),
are shown in Figure 5a. The WL is charged and discharged
via tunneling through the ionized donors from the WL back
contact. Compared to the QD, the WL has a shorter tunneling
distance, and the electrons thus have a higher probability of
tunneling into the WL. Additionally, the occupancy of ionized
donor states is strongly temperature-dependent. With higher
temperatures, the electrons can occupy ionized donor states
above the conduction band, thereby shortening the tunnel dis-
tance to the QD and WL, which results in a shift in the base
capacitance. At lower temperatures, the occupancy of ion-
ized donor states diminishes and increases the tunnel distance,
which accounts for the suppression of the signal below 200 K
in Figure 3a. Figure 5b shows a schematic of the energetic
quantum states of the QD, the WL, and the WL back contact
for an applied gate voltage VG of -2 V (black), where the QDs
are empty and 1 V (red), where the QDs are filled through the
WL in an equilibrium state. Due to the different lever arm λ

of the QDs and WL, the energetic quantum states shift differ-
ently with applied gate voltage. The QDs with a lower λ of
4.1 and the subensemble with λ of 3.5 shift much faster than
the WL with higher λ of 7.2. This results in a non-equilibrium
resonant condition for each QD quantum state with the WL at
different gate voltages, where the WL loses electrons to the
back contact. In Figure 5b is the case shown for the s1 state in
darker red, where the occupied quantum state is in resonance
with the WL, and the electron can tunnel back and forth, gen-
erating the differential capacitance signal. The hysteresis in
the C(V) measurement can be explained by this three-level
system of QD, WL, and back contact. At higher tempera-
tures, the ground capacitance increases, and the discharging
signal remains constant since the QDs are filled for the 250 K
signal. The difference spectrum in the inset of Figure 3a then
decreases for temperatures above 250 K. Additionally, sev-
eral mechanisms of defect-assisted transport can play a role
here: Frenkel-Poole at high temperatures, electric field en-
hanced thermal emission, and Fowler-Nordheim assisted tun-
neling due to the electric field, which is summarized in the
review for leakage currents in GaN diodes.29

To extract the Coulomb blockade energy EC from the C(V)
measurements, we convert the voltage scale into an energy
scale with the before-mentioned equation 1. The energetic
distances between the peaks of the C(V) shown in Figure 3b
are shown in Table II. To account for the parallel WL shift,
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FIG. 5. (a) Schematic band structure for 0 V applied gate voltage
of WL (black), QD (green), and subensemble (blue). QD energy
states are simplified. Ionized donors are illustrated as plus signs and
occupancy of electrons (curved arrows) is thermally activated. The
electron reservoir is shown for WL, QD, and subensemble, respec-
tively. (b) Energy states of QD, subensemble, and WL is shown for
-2 V gate voltage (black) and 1 V gate voltage (red). An in between
case (dark red) is shown when s1 is in resonance with the WL, which
produces the C(V) signal for the s1 state.

we have to subtract the energetic peak separation with the
WL shift between the peaks, which increases the peak sep-
aration. We measured the energy spacing of s2sub and p1sub to
be 187 meV in the C(V) for 250 K. We consider this signal as
this is the largest signal with the p1sub peak present. Taking
into account the 28 meV excitonic binding energy30 reduction

TABLE II. Energy spacing between peaks in the C(V) for 300 K and
250 K. EC is the Coulomb blockade energy, the spacing between the
s1 and s2 peak , ∆(s1,s1sub) the energy spacing between E(s1) and
E(s1sub), and ∆sub(s2, p1) the energy spacing between E(s2sub) and
E(p1sub).

Temp [K] ∆(s1,s1sub) EC,sub EC ∆sub(s2, p1)
300 270 120 100 -
250 306 145 129 385

WL corrected
300 166 58 57 -
250 177 71 73 187

in the PL and the 50 K temperature difference of the signals,
we are in congruity between the PL and C(V) measurements.
The one-dimensional simulation is governed by the electric
field in the z-direction22 and is calculated in the effective-
mass approximation. The energy separation from the simu-
lation is in accordance with the C(V) measurement as well.
Furthermore, the measured energetic distance of s1 and s2, the
Coulomb blockade energy EC, equals 71 meV and 73 meV
for the subensemble and main ensemble, respectively. This
value is much higher than the 20 meV EC in InAs QDs. Due
to the strong localization and the smaller dielectric constant in
GaN QDs, a factor of three higher is expected31, which is in
qualitative agreement with our observation.

The non-resonant coupling of QD-states and the back con-
tact through the WL intermediate state and ionized donors
have not been observed so far and turn out to be crucial in this
study for the coupling between the QDs and the back contact.
It shows the importance of engineering the band alignment
and the difficulties of single charge transfer at room temper-
ature. Our volume doped GaN samples showed an ionized
donor occupancy freeze-out at low temperatures, which in-
hibited the charging of the QDs. This could be counteracted
by coupling the QDs with a two-dimensional electron gas as a
back contact whose depletion width is fixed and clearly de-
fined. Further investigations, such as DLTS measurements
and the proposed new heterostructure, can bring more insight
into the coupling mechanism.

In conclusion, we successfully observed quantum effects
at room temperature in C(V) spectroscopy in w-GaN QDs in
the form of single-electron charging of the lowest quantum
states of the QDs. The PL measurement and the C(V) mea-
surements both indicate a subensemble. A Coulomb blockade
energy of around 70 meV for both ensembles was measured
successfully at room temperature. Compared to the thermal
energy kBT of the ambient temperature of 25 meV, the higher
Coulomb blockade shows the possibility of using quantum
effects in GaN QDs at room temperature, in both electronic
(single-charge control ) and photonic systems (single-photon
emission). Electronic applications include multi-valued elec-
tronic switches, memory devices, and extremely sensitive
charge sensors. In the perspective of photonic applications,
if the signal-to-noise-ratio is brought to a sufficient value and
with reduced QD-densities, we will perform Hanbury Brown
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and Twiss measurements on single QDs.
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