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This study examines the effects of negative voltage pulses (NVPs) on emission from (In, Ga)N/GaN
light-emitting diodes (LEDs) with a wide quantum well in the active layer. For low dc forward voltages
(1–3 V), the diode emits light only during the periodic application of the NVPs, provided that the sepa-
ration of NVPs is sufficiently large (from a few microseconds to milliseconds). These effects are due to
a slow buildup of “dark charge,” i.e., charge in the ground state of the wide well. The NVPs reduce the
electric field in the well and deplete dark charge from the well (through radiative and nonradiative recom-
bination). After the NVP, the concentration of dark charge once again slowly increases and saturates. For
low forward voltages (or currents), the saturation occurs after milliseconds, which is caused by the long
buildup times of dark charge. By varying the duration of NVPs, we can estimate the decay time of dark
charge for a given negative voltage. This decay time decreases rapidly with increasing (absolute value of)
negative voltage. We present a numerical model of LED emission, which is in qualitative agreement with
experimental results. Short pulses of light generated by NVPs may create new applications for wide-well
LEDs and laser diodes.
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I. INTRODUCTION

(InGa)N/GaN Light Emitting Diodes (LEDs) are typi-
cally grown via a metal-organic vapor-phase epitaxy on
a (0001)-plane of GaN. Quantum wells (QWs) in the
active layer of these structures suffer from strong built-in
fields, which are detrimental to the radiative efficiency of
the LEDs [1–3] since they reduce the overlap of electron
and hole wave functions in the well. These fields can be
reduced by the opposing field of the p-n junction of the
diode and by the reverse voltage applied to the LEDs [4–
6]. Since the overlap decreases with increasing well width
[7,8], commercial LEDs employ narrow quantum wells
(2–3 nm wide). However, it was also found [9] that the
electric field in the well can be substantially reduced by
free carriers injected into the well (by illumination or by
a forward current). Reference [9] also demonstrated that,
even for very high concentrations of injected electrons and
holes, the ground states of both carriers remain localized
close to the edges of the well. This means that, in very wide
wells (10–25 nm), the charge in the ground states will be
very effective in screening the built-in field, but it will not
contribute to radiative recombination [10]. Interestingly,
it was found that screening of the electric field facilitates
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emission via excited states which extend over the whole
well [11–15]. Charge in the ground states (which we call
“dark charge”) has very long (millisecond) lifetimes, while
charge in the excited states decays in nanoseconds and
gives rise to strong light emission (as soon as the elec-
tric field is screened). Wide quantum wells have been
used as active regions in both light-emitting diodes [11–
14] and laser diodes [15–17]. These structures (usually
grown by molecular-beam epitaxy) were used for research
purposes, not in commercial devices. The screening of
the electric field is predicted to improve the efficiency of
(InGa)N LEDs based on wide wells [11]. Furthermore, due
to effective screening and radiative transitions via excited
states, the emission wavelength does not change with cur-
rent density [13]. This is in stark contrast to narrow-well
LEDs, in which the emission wavelength blueshifts in a
wide range [13,15]. Another interesting aspect of wide
(In, Ga)N/GaN quantum wells is the transition from a
two- to a three-dimensional system as the electric field is
reduced [18].

Since the built-in field in Ga-polar (In, Ga)N/GaN
quantum well is opposed to the field generated by the
p–n junction in LEDs, the application of negative (reverse)
voltage reduces the electric field in the quantum well and
facilitates the optical emission, contrary to standard GaAs
or InP LEDs or nonpolar GaN LEDs where the reverse
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voltage increases the field in the well. This occurs both for
narrow [19,20] and for wide wells [21]. Such emissions
have been studied in time-resolved electroluminescence
measurements in the nanosecond time range, characteristic
of excited-state emission [21]. The idea here was to pump
the well at a positive voltage and generate the emission at
a negative voltage. As the emission at the negative voltage
occurs at a reduced electric field, it should be more intense;
it has been proposed as a way to improve the efficiency of
commercial LEDs [20].

Interestingly, dark charge can be studied through its
screening and band-filling effect, which modifies the
emission via excited states [22–25]. Photocurrent mea-
surements of wide-well LEDs revealed an anomalous
(forward) direction for the photocurrent and a strong
dependence on chopper frequency [22], which indicated
slow changes for the electric field in the well. This moti-
vated time-resolved studies of wide-well LEDs in the
microsecond to millisecond range. In Ref. [23], we com-
pared photoluminescence (PL) from wide and narrow
wells under pulsed excitation. A slow increase of PL in
wide wells and their dependence on the excitation period
was related to filling the ground states with charge before
the excited states could be populated. We studied the influ-
ence of negative voltage pulses (NVPs) on PL and outlined
a simple theoretical model that agreed qualitatively with
observed effects. In Ref. [24], the time-resolved PL from
wide wells showed nanosecond decay times for excited-
state transitions. This was in contrast to the microsecond
to millisecond decay of ground-state transitions, revealed
by a slow decay of the short pulses of light (SPLs) accom-
panying NVPs. Finally, in our recent paper [25], we per-
formed a systematic study of the decay of PL as a function
of the excitation period; it was revealed that dark charge
persists in the quantum well up to 30 ms after photoexci-
tation. The NVPs were found to deplete dark charge from
the quantum well, so that after the NVP the concentration
of dark charge increases slowly toward some equilibrium
value (dependent on the Fermi level position with respect
to the quantum-well edges). It was determined that the
reverse voltage reduces the decay and regeneration times
of dark charge, since it reduces the electric field in the well.

In the present paper, we perform electroluminescence
(EL) measurements on wide-well LEDs in a scheme in
which the light emission occurs only at a negative volt-
age. This is exclusively possible due to the extremely high
built-in electric field present in the wide quantum well in
the equilibrium state. An LED is pumped by a low forward
current that fills the quantum well. No detectable emission
is observed, but the electric field becomes lower. When
an NVP is applied, a bright emission appears as a short
(20–30 ns) SPL at the leading edge of the NVP. The inten-
sity of these SPLs depends on the concentration of dark
charge; by varying the duration and value of the forward
current pumping the well and the duration and voltage of

the NVP, we can gain insights into the concentration of
dark charge. Our method is similar to the studies of com-
mercial LEDs in Ref. [20]; the authors of this work studied
narrow (InGa)N quantum wells, which also emitted light
at a forward bias. In the present paper, we exploit the lack
of emission from the wide well at a positive voltage and
achieve bright emission at a negative voltage.

Short pulses of light at a reverse voltage could be attrac-
tive both for pulsed LEDs and for pulsed laser diodes
since they do not require sophisticated pulse generators,
only a fast change of voltage. In the case of laser diodes
with wide wells, it is possible to pump a high concentra-
tion of spatially separated electrons and holes (due to a
large field) and a rapid change of voltage (a reduction of
the field) could lead to a high population inversion, i.e., a
high gain. In the presence of stimulated emission in a laser
structure, the SPLs should be much shorter (than in LEDs)
and more intense. The possibility of achieving lasing dur-
ing the application of the NVPs is discussed in a separate
section. Finally, the slow decay of charge in wide-well
LEDs creates the possibility for its use as a charge-coupled
device.

Furthermore, in the present paper, we construct a simpli-
fied model to understand the accumulation of dark charge
with a positive bias and the conditions for the appearance
and saturation of SPLs. We also perform numerical simu-
lations within a drift-diffusion model, which complements
the experimental procedures. This helps us attain insights
into optimizing the emitters for generating strong SPLs
(for pulsed laser applications).

II. SAMPLES AND EXPERIMENT

Our LED samples (with a 25-nm quantum well) are
schematically shown in Fig. 1(a). They were grown
by plasma-assisted molecular-beam epitaxy (PAMBE)
on bulk Ga-polar c-plane n-GaN substrates. The lay-
ers of the LED were as follows: 100-nm n-GaN:Si (Si:
2 × 1018 cm−3), 40-nm-thick In0.02Ga0.98N lower bar-
rier, 25-nm In0.17Ga0.83N well, 20-nm In0.02Ga0.98N upper
barrier, p-Al0.13Ga0.87N:Mg (Mg: 2 × 1019 cm−3) elec-
tron blocking layer (EBL), and 200-nm p-GaN:Mg (Mg:
5 × 1018 cm−3). Next, an (In, Ga)N tunnel junction was
grown and capped with a 100-nm n-type GaN:Si on top.
The metal contacts formed a rectangular frame on the
upper surface, enabling us to study the emission from
the diode (or illuminate it) through the opening in metal-
lization. The area of the active region of our diodes was
approximately 0.3 × 0.3 mm2. We verified (by cathodo-
luminescence) that no trace of dislocations was found in
similar In0.17Ga0.83N layers up to a thickness of 40 nm.
Therefore, there should be no relaxation in our quantum
wells.

The diode was operated under forward voltage from
+1 to +3 V and NVPs were applied periodically from a
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(a)

(b)

(c)

(d)

(e)

FIG. 1. (a) Schematic structure of the LED, (b) voltage applied to the diode, (c) emission intensity from the LED as a function
of time (for forward voltage of +2.5 V and the period of NVPs equal to 100 µs), (d) magnified SPL intensity versus time, and (e)
normalized emission spectrum of SPL at −10 V (solid line) and the normalized electroluminescence (EL) spectrum of LED at 3.5 V
(dashed line).

pulse generator; we used −10, −5, and −3 V pulses last-
ing for 0.1 µs to 10 ms. The temporal separation of the
NVPs was increased from 1 µs to 10 ms. During this time,
the charge is pumped into the well until the arrival of the
next NVP. The emission from the LED was recorded by
a Spex1000M monochromator and a photomultiplier with
photon counting. This detector had a time resolution of
5 ns, but we were mainly studying slower processes in
the microsecond to millisecond range. All our experiments
were performed at room temperature.

III. EXPERIMENTAL RESULTS

The current captured by the quantum well is the most
important quantity affecting the concentration of charge in
the well. However, for low voltages applied to the diode
(1–3 V), the shunt (parallel) conductivity of our diodes
dominates the I–V, and the current flowing through the
quantum well is orders of magnitude lower than the total
(measured) current. Therefore, in the following, we label
our results with voltages instead of currents.

Figure 1 shows the basics of the experiment: (a) LED
structure, (b) voltage applied to the diode, and (c) emis-
sion intensity of the diode as a function of time. Short
pulses of light (SPLs) appear at the leading edges of the
NVPs. The diode is operated at a forward voltage [+2.5 V
in Fig. 1(b)] and the NVPs [−10 V for 10 µs] are applied
periodically [every 100 µs in Fig. 1(b)]. Since the inten-
sity of an individual SPL is low, we added the intensity of
1000 subsequent SPLs in each case. In Fig. 1(d), we show
the example of an SPL measured with 5 ns resolution. The
SPLs had 10–20 ns width (at half maximum). Figure 1(e)

shows the spectrum of the SPL emission. This spectrum
is almost the same as the electroluminescence spectrum at
higher forward voltages since both are due to transitions
between excited states while the electric field is screened.
The SPL emission occurs at a negative bias (−10 V) while
electroluminescence from the diode occurs at a positive
bias (+3.5 V), but the emission spectrum from the wide
wells does not shift with voltage due to efficient screen-
ing, as shown in several previous papers [15,23,25]. When
the negative (reverse) voltage is applied to the diode, the
electric field in the (unscreened) well is reduced [25,26].
Therefore, the energetic distance between the ground and
excited states is also reduced. Here, less charge is needed
to screen the field and some portion of dark charge is “pro-
moted” to the excited states, which recombine (radiatively
and nonradiatively) since their electron-hole wave function
overlap is higher (this is illustrated later in Figs. 7 and 8
of Sec. V). Dark charge is depleted during each NVP and
increases until the next NVP. It is, therefore, both the for-
ward current flowing through the LED and the separation
of NVPs that are important for the buildup of dark charge
(period minus NVP duration). In Fig. 1(b), the period is
100 µs and the separation of NVPs is 90 µs. It is inter-
esting that relatively short (20 ns) pulses of light can be
generated by switching to a negative voltage.

A similar method of periodic NVPs was applied to com-
mercial diodes (with narrow wells) in Ref. [20], where
the charge in the ground state recombines radiatively. The
decay times were in the range of tens of nanoseconds. The
duration of the NVPs, as well as their period, was fixed in
Ref. [20]; in our study on wide-well LEDs, these param-
eters are varied in order to reveal a slow buildup of dark
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charge during the application of forward voltage and its
decay during the application of reverse voltage. There is
a strong wavelength shift (with voltage) in narrow wells,
while the emission wavelength is stable in wide wells due
to effective screening (and due to the fact that excited-
state transitions are less sensitive to the electric field than
ground-state transitions).

In our experiment, the separation between subsequent
NVPs is increased (from 1 µs up to 10 ms) so that the
charging time of the well is increased, and we measure the
integrated intensity of the SPLs as a function of this sep-
aration (for several forward voltages), see Fig. 2(a). For
low voltages up to 1.25 V, there is no measurable emis-
sion from the sample. At 1.4 V, the SPLs start to appear if
the separation of NVPs (charging time) is over 1 ms. For
increasing voltage (or current), this “threshold separation”
is reduced. Above the “threshold separation,” the intensity
of SPLs increases and saturates. The saturation intensity of
SPLs increases with forward voltage (or current). This is
very different from SPLs in narrow-well LEDs [20]. In our
studies, there is no emission in between the NVPs (due to a
low forward voltage), while the SPLs are only observed in
narrow wells when the LED opens up (at a higher forward
voltage).

The NVPs deplete dark charge from the quantum well
(partially or completely, depending on their voltage and
duration). If their separation is short, dark charge does
not sufficiently recover when the next NVP arrives and
emission (SPL) is absent. If the separation of the NVPs
is sufficiently long and the current that pumps the well is
adequate, the emission appears at the beginning (leading
edge) of each NVP.

We performed the same experiment for reduced nega-
tive voltage during the NVP: −5 V [Fig. 2(b)] and −3 V
[Fig. 2(c)]. For a reduced negative voltage, the SPL inten-
sities are much lower and appear for longer NVP separa-
tions (i.e., for higher concentrations of dark charge). This
is consistent with the fact that, for wide (In, Ga)N/GaN
wells, the PL emission increases with increased negative
voltage [25] (i.e., a reduced electric field in the well).
Apparently, since the SPL intensity is lower for a reduced
NVP voltage, we need a higher dark charge concentra-
tion to observe SPLs, so they appear after longer charging
times.

From the above results, we can determine the threshold
separation tth at which the SPLs appear and the saturation
separation tsat above which the intensity of the SPLs satu-
rates. These two quantities can be interpreted as the time
after which the dark charge exceeds some threshold value
nth and the time after which it saturates. Both of these times
decrease approximately exponentially with an increasing
forward voltage (Fig. 3). This is due to the fact that the
charging current increases exponentially with voltage. The
errors are large, especially for the saturation times, but the
trend can be clearly observed.

(a)

(b)

(c)

FIG. 2. Integrated intensity of the SPLs as a function of the
separation of 10-µs NVPs for different forward voltages applied
to the LED and three values of negative NVP voltage: (a) −10 V,
(b) −5 V, and (c) −3 V. SPLs appear at some threshold sep-
arations of the NVPs and saturate. They increase for growing
forward voltages (or currents) between NVPs and for increased
negative voltages during NVPs.

Next, we examined how the duration of the NVPs affects
the curves in Fig. 2 (i.e., the intensity of the SPLs versus
the NVP separation). This allows us to estimate the decay
time of dark charge in the well at a given negative volt-
age (during the NVP). When the NVP is sufficiently long,
the concentration of dark charge should drop to low val-
ues, and a further increase in the NVP duration should not
change the buildup of dark charge with a positive voltage
until the next NVP arrives (i.e., the SPL intensities versus
charging time should not change anymore). The relaxation
of dark charge has been measured in Ref. [25] through the
decay of PL pulses [Fig. 13(c) in Ref. [25]] at negative
voltages down to −4 V. Here, we apply negative voltages
of −10, −5, and −3 V, using SPL intensity (versus charg-
ing time) as an “indicator” of dark charge. The dependence
of SPL intensity on charging time is shown in Fig. 4 for the
forward voltage of 2.5 V, three values of NVP voltage, and
six NVP durations. We can see that the saturation of SPLs
as a function of NVP separation occurs for much longer
durations of NVPs when we reduce the negative voltage.
For example, with a −10 V bias, the curves saturate at an
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Thr. Sat.

FIG. 3. Separation of the NVPs (charging time) when SPLs
start to appear (black solid symbols represent threshold time, tth)
and when their intensity saturates (red hollow symbols depict sat-
uration time, tsat) as a function of the positive applied voltage
to the LED (for NVP voltages of −10, −5, and −3 V, and an
NVP duration of 10 µs). These times are determined from Figs.
2(a)–2(c).

NVP duration of about 10 µs. With a −5 V bias, this hap-
pens around 100 µs and, with a −3 V bias, we have not
observed saturation up to 1 ms.

It is interesting to note that the SPL is not present for
the whole duration of the NVP since it only appears at
the leading edge of the NVP, as shown in Fig. 1. There-
fore, the observed dependence of the SPL on the duration
of the NVP, presented in Fig. 4, implies that there are
nonradiative slow processes present, which contribute to
a reduction in dark charge.

In Fig. 5, we plot the threshold time (the charging time
when the SPLs appear in Fig. 4) versus the NVP duration.
In Fig. 4, we show only curves for six NVP durations (for
clarity) but, in Fig. 5, we show more experimental points
(the error bars were estimated from the “wiggles” in Fig. 4
to be around 20% of the corresponding threshold times).
The saturation of threshold time indicates that the well
has been almost fully depleted from dark charge during
the NVP. The reduction of negative voltage increases the
electric field in the well, which slows down the decay of
dark charge and, therefore, requires longer NVP durations
to achieve full depletion. This is consistent with Fig. 13(c)
in Ref. [25] if we remember that saturation occurs after 3
to 4 relaxation times.

IV. SIMPLE INTERPRETATION

We have shown in Ref. [25] that dark charge can be
present in wide quantum wells without any external exci-
tation. This happens when the potential drop in the empty
well exceeds the value of the bandgap. We denote the
concentration of this charge by neq. It depends on the
position of the edges of the well with respect to the Fermi
level, so it may be different for electrons and holes. It

(a)

(b)

(c)

FIG. 4. SPL intensity as a function of NVP separation (charg-
ing time) for three different values of negative applied voltage
during an NVP: (a) −10 V, (b) −5 V, and (c) −3 V and for
increasing duration of the NVP (from 100 ns to 1 ms). Here, the
forward voltage applied to the LED is 2.5 V and only the param-
eters of the NVP (voltage and duration) vary. When the NVP
duration is sufficiently long, dark charge is depleted during the
NVP and the SPL intensity versus charging time stabilizes.

can be depleted by the application of the NVP and then
it increases (regenerates) toward neq. If the diode is biased
and the current density is j, a fraction α of this current will
be trapped by the well. Therefore, the concentration of dark
charge n will be governed by the simple equation

dn
dt

= −n − neq

τ
+ αj

e
, (1)

where e is the electron charge and τ is the relaxation time
of dark charge. In Ref. [25], we found that τ was of the
order of milliseconds (at a voltage of zero) and that it was
similar for both decay (n > neq) and regeneration (n < neq).

054030-5



ARTEM BERCHA et al. PHYS. REV. APPLIED 21, 054030 (2024)

FIG. 5. Threshold time (charging time when SPLs appear) ver-
sus NVP duration (obtained from Fig. 4 and for more NVP
durations) for three different values of the NVP voltage. Satu-
ration of the threshold time indicates that dark charge is depleted
during the NVP and a further increase in the NVP duration does
not change the SPL emission.

It decreased under reverse bias applied to the diode, i.e., it
dropped with a decreasing field in the well. This means
that, in the presence of current j pumping the well, the
relaxation time will be longer when the well is empty (i.e.,
right after the NVP), but it will be much shorter when the
well is filled with carriers and the field is screened. There-
fore, Eq. (1) is a very crude approximation, in which τ

is some average relaxation time that can be expected to
decrease with increasing j. We observed this in Ref. [25]
when the decay of dark charge was much faster straight
after optical excitation and slower after a longer time.

The solution of Eq. (1) is as follows:

n(t) =
[

n(0) − neq − αj τ
e

]
exp

(
− t

τ

)
+ neq + αj τ

e
,

(2)

which shows that, for t � τ , the concentration saturates
at the value (neq + (αj τ/e)). As a graphical illustration in
Fig. 6, assuming n(0) = 0 and neq = 1 × 1012 cm−2, we
plot n(t) for three values of αj: 1, 3, and 5 mA/cm2, and for
the corresponding values of τ: 0.5, 0.3, and 0.2 ms. If we
assume the threshold concentration of dark charge as nth =
5 × 1012 cm−2, we can see that the threshold concentration
is not achieved for the lowest current (1 mA/cm2), so we
should not observe SPLs in this case. For an increasing cur-
rent, the threshold concentration is achieved after a shorter
“charging time” tth (marked by black arrows in Fig. 6).

This is in qualitative agreement with our experimental
results (Fig. 2). If the diode is under a low forward bias,
then there is no SPL emission. However, when we increase
the current and n(t) exceeds some threshold value nth,

FIG. 6. Increasing concentration of dark charge [given by
Eq. (2)] after depletion by the NVP for three different values of
the current density. Black arrows denote the threshold times and
red arrows indicate the saturation times. All the parameters are
defined in the text.

the reduced electric field in the well during the NVP will
lead to a population of excited states and short pulses of
light. Our experimental results indicate that an NVP with a
reverse voltage of −10 V and a duration of 10 µs depletes
the dark charge effectively. However, at NVP voltages of
−5 and −3 V, a longer NVP duration is needed to deplete
dark charge from the well. According to data shown in
Fig. 5, full depletion is achieved after 100 µs at −5 V,
while we have not found saturation up to 1 ms for −3 V.

In our experiment, we cannot directly measure the con-
centration of dark charge but we can observe SPLs (due
to excited-state emission) that appear when n(t) ≥ nth and
saturate for a charging time t � τ . By increasing t (i.e., the
separation between the NVPs), we can determine the time
tth needed to achieve nth and estimate τ by determining the
time needed to observe the saturation of light pulses.

The above-simplified picture is consistent with the
experimental results, but a more complete analysis requires
the time-dependent modeling of transport and recombi-
nation of wide-well LEDs, which is outlined in the next
section.

V. NUMERICAL MODELING OF LED

For numerical simulations, we use a transient
one-dimensional drift-diffusion model [27,28], which is
often used in simulations of luminescent semiconduc-
tor devices. For the calculations, we use the numerical
code PMICRO, which is proprietary software developed at
the Institute of High Pressure Physics, Polish Academy
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(a) (b)

t1

t1 (c) t2

(d) t3 (e) t4

t2

t3 t4

FIG. 7. Band diagrams for the LED at four different moments (t1, t2, t3, and t4) of the periodic experimental procedure [marked in
(a)]. Starting from the top left: (b) depleted well at 2.75 V, (c) charged well after 1.5 ms charging time at 2.75 V, (d) charged well
just after application of the NVP at −10 V, and (e) discharged well at the end of the NVP pulse at −10 V. Quasi-Fermi levels are
shown with dashed lines for electrons (blue) and holes (red). Expanded band diagrams in the quantum well (QW) region, together with
electron and hole charge densities, are shown in the insets.

of Sciences [29]. The underlying differential equations
of the model are discretized by the composite discon-
tinuous Galerkin method [30,31] in space and with the
implicit Euler method in time. The model accounts for the
Shockley-Reed-Hall, radiative, and Auger recombination
channels. We simulate the fragment of the original struc-
ture: 100-nm n-GaN:Si, 40-nm-thick In0.02Ga0.98N lower

barrier, 25-nm In0.17Ga0.83N well, 20-nm In0.02Ga0.98N
upper barrier, p-Al0.13Ga0.87N:Mg EBL, and 200-nm
p-GaN:Mg. The following tunneling junction is not
included, as spatial tunneling between bands is not
accounted for in the model. The goal of the simulations
was to reproduce the qualitative aspects of the observed
phenomena, not to attain the quantitative values.

(a) (b) (c) (d)

t1 t2 t3 t4

FIG. 8. Expanded band diagrams in the region of the quantum well at four different moments (t1, t2, t3, t4) with the squares of wave
functions of the two lowest states (for electrons and holes). Total electron and hole charge densities (in a logarithmic scale) are shown
below each diagram.
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Let us first show, in Fig. 7, the band diagrams obtained
from the model for the four steps of the experimental pro-
cedure: (i) t1, straight after the NVP at a forward voltage
of 2.75 V (charges depleted by the NVP), (ii) t2, well filled
with dark charge after 1.5 ms of current flow at 2.75 V, (iii)
t3, well with reduced electric field (due to the application
of the NVP at −10 V), and (iv) t4, well at the end of the
NVP after the charge has recombined at −10 V.

In Fig. 8, we show the magnified band diagrams in the
quantum-well region, together with the squares of wave
functions of the ground and the first excited states of the
electrons and holes (and the total electron and hole charge
densities in the well).

At moment t1 (straight after the NVP, at a positive volt-
age of 2.75 V), the well contains very little charge, which
is located close to its edges. Both wave functions (ground
and excited states) for the electrons and holes show neg-
ligible overlap. It is important to note that the well is
not in equilibrium because the carriers were depleted dur-
ing the NVP. Therefore, during the time between t1 and
t2, the well is charged by a low-intensity current and the
field becomes partly screened. The inflow of carriers is
balanced by some occurrence of nonradiative recombina-
tion (Shockley-Read-Hall). The total current densities of
the electrons and holes approach each other, but there is
still no detectable emission from the well. Next, when we
apply a negative voltage of −10 V (moment t3), the field
in the well is rapidly reduced (we assume that the change
of voltage is much shorter than the recombination time of
the carriers). The wave functions of electrons and holes
spread into the well, but the ground states still have a
very small overlap compared with the excited states. The
excited states with high overlap generate short emission
pulses (SPLs) followed by some occurrence of nonradia-
tive recombination. The recombination during the NVP
leads to a reduced charge density (and an increased elec-
tric field) at moment t4. The charge density remaining in
the quantum well depends on the duration of the NVP.

In order to obtain an improved picture of the accu-
mulation of dark charge after its depletion by the NVP
(the period from t1 to t2), we calculated the concentration
of charge carriers in the quantum well under a positive
bias (Fig. 9). After imposing a positive bias to the well
depleted by the NVP, the charge carriers start to accu-
mulate with time, as indicated in Fig. 9 (similar figure
describes the hole concentration). Holes accumulate on
the n-side interface of the QW, while electrons accumu-
late on the p-side interface [Fig. 8(b)]. The charging of
the structure occurs for 0.1–10 ms (depending on the bias),
then the device attains the stationary state and the charge
carriers no longer accumulate, as their inflow is balanced
by increased recombination.

However, the radiative recombination is negligible and
is much too small to be measured experimentally. More-
over, the accumulated charge is insufficient to fully screen

FIG. 9. Concentration of electrons in the quantum well for dif-
ferent dc forward voltages applied to the LED (as indicated in the
key). This simulation starts straight after the application of the
NVP at moment t1. Corresponding current densities (in units of
mA/cm2) are also listed in the key.

the polarization charges (Figs. 7 and 8, moment t2). Then,
if we apply the NVP, this balance is perturbed and the
electric field in the QW becomes much weaker. Both accu-
mulated charges then diffuse from the interfaces toward the
center of the QW or even the opposite interface, and the
radiative recombination becomes much higher. This state
does not remain for long, as the charge carriers recombine
quickly and their concentrations decay. Figure 9 can be
compared with Fig. 6, obtained from Eq. (2). As expected,
the gradual increase of dark charge concentration in Fig. 6
is replaced by an accelerated increase in Fig. 9.

In the next step, we calculated the dependence of emis-
sion peaks (SPLs) on the charging time before the NVP
arrival. The simulation proceeds as follows: the structure is
initially set in the depleted-charge state and then the tran-
sient simulation starts with a low forward bias imposed,
which is not sufficient to turn on the normal LED opera-
tion. We are, therefore, in the nonlinear resistance range.
After some time, which is varied from 0.1 to 10 ms,
an NVP with −10 V is applied for 10 μs, then the for-
ward bias is restored for a short time and the simulation
ends. Note that this simulation is different from the exper-
imental procedure since, in the simulation, there is no
need for multiple repetitions due to the low sensitivity of
the photodetector. Thus, there is only one NVP in every
simulation; just the time of charging of the device varies.

The results of this simulation series are presented in
Fig. 10, where the intensity of SPL peaks versus charg-
ing time is plotted for operating forward voltages between
1 and 2.75 V. In each case, the SPLs increase with charg-
ing time until a certain level is reached. Further charging
of the device does not result in a noticeable SPL increase.
Both the time to reach this state and the SPL intensity
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FIG. 10. Simulated intensity of the SPLs (generated by
10-µs, −10-V NVPs) as a function of charging time before the
NVP for various applied forward voltages to the LED (indicated
in the key, together with the corresponding current densities in
units of mA/cm2).

vary with operating voltage. There is a clear monotonic
dependence of both parameters, with a higher operating
voltage leading to faster charging time and higher SPL
peak intensity. These results agree qualitatively with the
experimental results presented in Fig. 2. In the experi-
ment, we are limited by the sensitivity of our detector.
As a result, the emission only appears above some thresh-
old level, while in Fig. 10 the emission is always present
(though at extremely low levels).

VI. POSSIBILITY OF LASING AT NEGATIVE
VOLTAGE

Let us discuss the possibility of achieving lasing dur-
ing the NVP, assuming that we apply a high reverse bias
that fully balances the field in the well (−18 V, according
to our simulations). It is important to differentiate between
lasing due to a high forward current (which screens the
field in most of the well, but dark charge does not con-
tribute to lasing) and lasing happening with a reverse bias
and a zero electric field in the well (where all charges accu-
mulated in the well will contribute to lasing). We expect
to achieve short (below nanosecond) pulses by switching
from positive to negative voltage, which is fairly simple;
to generate such short pulses at a positive voltage, one
has to apply a special pulse generator. High optical gain
can originate from the high concentration of “dark charge”
if this charge can be spread evenly across the quantum
well by the application of the NVP. Piprek et al. have
calculated the dependence of material gain of a 25-nm
InGaN QW on carrier density that assumes no polarization,
i.e., a zero electric field [32]. This, in fact, resembles the
conditions during the NVP. The maximal sheet concentra-
tion of dark charge that can be accumulated on the ground

state of a wide quantum well will be equal to the polar-
ization charge density at the interfaces if we assume full
screening of the polarization field by free carriers. For an
In0.17Ga0.83N/GaN well, this polarization charge density
equals 1.7 × 1013 cm−2, assuming the constants reported
by Bernardini et al. [33]. If we now apply a sufficiently
large negative voltage, which will eliminate the field in
the well, then the dark charge will spread through the
whole thickness of the quantum well, leading to an aver-
age carrier density of 6.8 × 1018 cm−3. These values can
be enhanced by increasing the indium concentration in the
well. For example, for an In0.22Ga0.78N/GaN well, we can
expect a sheet density of 2.2 × 1013 cm−2 and an average
carrier density of 8.8 × 1018 cm−3.

In order to estimate the threshold carrier density nth
required for lasing action, we need to consider the opti-
cal losses for our laser diodes. The internal losses in
the laser diodes strongly depend on the design of the
epitaxial structure. Here, we will assume the relatively
high internal losses of αi = 20 cm−1, which we mea-
sured using the Hakki-Paoli technique [34]. The mirror
losses for a 1-mm-long resonator without facet coatings
are αm = 17 cm−1. The modal gain required for the las-
ing action is, therefore, equal to Gth = αi + αm = 37 cm−1.
Piprek et al. have also calculated the optical confine-
ment factor for a laser diode with a 25-nm QW to be
� = 0.097 [32], which allows us to estimate the thresh-
old material gain as gth = Gth/� = 381 cm−1. The carrier
density required to reach such a gain is 9.2 × 1018 cm−3

(Fig. 7 in Ref. [32]), which is higher than the maximum
amount that could be supplied from the dark charge. How-
ever, for a thinner quantum well of, e.g., 15 nm, the same
sheet density of dark charge can give rise to a higher
carrier density of 11.3 × 1018 cm−3. For this material den-
sity, the gain is equal to a high value of 660 cm−1 [32].
For a thinner quantum well, we also need to consider
the decrease of the optical confinement factor. We lin-
early approximate its change with thickness, which gives
� = 0.0582 for a 15-nm QW and a threshold material
gain of gth = 37/0.0582 = 636 cm−1. As can be seen, the
material gain (i.e., 660 cm−1) arising from the carriers
supplied from the dark charge can be higher than the
threshold gain. These are very rough estimates but they
show that lasing during the presence of the NVP seems
possible.

The threshold material gain can be lowered both by (i)
application of high reflectivity dielectric coating on one
or both sides of the laser, which can decrease αm even to
1 cm−1 and (ii) reduction of internal losses by optimization
of the epitaxial structure designed for a pulsed laser opera-
tion with a negative bias.

Our quantum well under a high reverse bias that bal-
ances the piezoelectric field, resembles a nonpolar quan-
tum well with a vanishing electric field. Laser diodes
grown on nonpolar (m-plane) substrates still suffer from
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technological issues, but low threshold current densities
have been reported; in Ref. [35], for a m-plane laser diode
with three 8-nm In0.10Ga.90N quantum wells, a threshold
current density of 1.54 kA/cm2 has been achieved.

To summarize, the possibility of lasing from wide-well
structures with NVPs can be improved by (i) increasing
the negative voltage, (ii) growing laser diodes with more
indium in the well, and (iii) reducing the optical losses.

VII. SUMMARY AND CONCLUSIONS

Electroluminescence from wide-well (In, Ga)N/GaN
LEDs can be used to study the slow buildup of dark charge
(charge in the ground state) in the well with a low forward
current. The concentration of dark charge can be probed by
the periodic application of negative voltage pulses (NVPs),
which are accompanied by short pulses of light (SPLs).
The charging time necessary to observe SPLs depends on
the pumping current and the initial concentration of dark
charge. This initial concentration depends on the voltage
and duration of the NVP. By changing the duration of the
NVPs, we can estimate the decay time of the dark charge
for different values of negative voltage. Both the charging
times at low forward voltage and decay times at negative
voltage were in the range of microseconds to milliseconds,
orders of magnitude longer than the carrier decay times
in narrow wells [19,20] or decay times for the excited
states in wide wells [21,24]. The numerical simulations
of wide-well LEDs are in qualitative agreement with our
electroluminescence results. These studies should help us
optimize the laser diode structures with wide wells in order
to use NVPs to achieve high population inversion and high
gain during SPLs.
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