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The dynamics of external electric field screening in light-emitting p—n heterostructures with InGaN/GaN quantum
wells are studied using measurements of transient currents during a forward voltage step and small-signal high-
frequency conductance at a direct forward voltage. Experimental results are discussed within the framework of
a model that takes into account the increase in tunneling transparency of potential walls of a quantum well by
a strong built-in field, which is created by ionized deep centers of defects. At low levels of tunneling injection,
the tunneling transparency of the walls increases as the forward bias increases due to an increase in the density
of ionized states at the hole tunneling transport level, which leads to an increase in the emission efficiency from
the quantum well. The recharging of deep centers and the accumulation of neutral centers is manifested in the
capacitive decay of transient current. As the injection level increases, the emission efficiency begins to decrease as
a result of an exponential increase in the number of recombination centers and a decrease in the lifetime in the
well walls, causing an inductive rise of tunnel-recombination current in the walls and the appearance of negative

capacitance.
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1. Introduction

The dynamics of screening of an electrical field in semi-
conductor materials with deep centers determines operation
of electronic devices with barrier structures and is widely
used to determine parameters of the deep centers.

In the GaN epitaxial layers and the InGaN/GaN quan-
tum wells, the localized states of the deep centers form
deep Urbach tails that exponentially fall deeply inside a
band gap [1-3]. The unordered semiconductors and the
structurally-disordered quantum wells have energy relaxa-
tion of the optically injected carriers progressed in two
stages: fast direct capturing of photocarriers to the localized
states of the exponential Urbach tail is accompanied by
slow redistribution of the captured carriers between the
local centers [4-6]. Diffusion in the energy space occurs
as a result of tunnel jumps of the photocarriers from
the shallow localized states into the deeper states [4-6)].
When tunneling the electrically injected carriers through a
potential barrier, the carriers diffuse in the coordinate space
by tunnel jumps from the shallow local centers into the
deeper centers, whose low concentration limits the tunnel
current. In this case, as can be expected, the dynamics of
setting of the stationary current must also be of a two-stage
nature, which is defined by a short Maxwell time and an
exponentially slowing time of a jump transition through the
barrier.

With the doping degree increased and under radiation
effects, the deep centers of the defects, in addition to
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the Urbach tails, form wide peaks of the density of the
deep states in the band gap of the semiconductors and
result in strong increase of tunnel transparency of the
potential barriers, as originally shown by Esaki [7,8] and
confirmed in other early studies [9-11]. In the GaN
epitaxial layers, the growth defects, in addition to the deep
Urbach tails, create, in the upper and lower halves of the
band gap, the wide (~ 0.4eV) Gaussian impurity bands
of the deep color centers that are responsible for bands of
intracenter photoluminescence and optical absorption in the
visible, infrared and near UV ranges of the spectrum [12-
15].  The recent decade has seen a grown interest to
the tunneling mechanism with involvement of the deep
centers. It is related to a necessity of understanding a cause
of and minimizing trap-assisted tunneling losses (TAT) in
the field transistors [16] and light-emitting diodes based
on GaN [17], and is also caused by developing the 3D
and 2D tunnel field transistors [18,19] and multi-transition
solar cells [20]. Both the recent theoretical studies [21-
23] and the early studies [8,9] regard current-voltage curves
of the tunnel structures in the direct biases as tunnel
spectra of the density of the localized stated in the band
gap. The studies [24-26] have paid attention to the fact
that if the width of the energy impurity bands exceeds
thermal energy, then it is critically important to increase
the tunnel transparency of the barrier by means of the
bulk charge of the ionized deep centers that increase the
strength of the built-in electric field. At the same time,
a current-voltage curve shape and a structure efficiency
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begin to be decisively affected by reduction of the tunnel
transparency caused by recharging of the deep centers as
the forward bias increases. The dynamics of screening of the
external field in the barrier structures will let more deeply
understand the tunneling mechanism with involvement of
the deep centers and the role of the defects in these
structures.

The present study investigates peculiarities of the dy-
namics of screening of the electric field and setting
of the stationary forward current in the light-emitting
p—n-heterostructures with the InGaN/GaN quantum wells
by means of measuring the transient currents at pulse
switching-on of forward voltage and small-signal high-
frequency conductance at the direct voltage in order to
more deeply understand the mechanism of transport in these
structures and its influence on confinement of the charge
carriers and efficiency of emission from the quantum well.

2. Experimental procedure

The studies have been performed in the light-emitting
heterostructures with the p-GaN/InGaN/n-GaN quantum
well of the thickness of 30 A and the peak emission energy
of hvp = 2.65eV (the structure area S= 1073 cm?). It in-
cluded investigation of MOCVD-grown structures of the two
types (hereinafter referred to as A and B) that have close
values of the tunnel leak currents near the zero voltage and
differ in 3 orders when the forward voltage approaches the
threshold voltage of detection of emission from the quantum
well Vih = 2.2 V. In accordance with the measurements of
the capacitance-voltage curves, the A nanostructures with
high leak currents have the p-region more weakly doped
(~2-107cm™3) than the nregion (10'® cm™—3), and the
B nanostructures with low leak currents have the p- and
n-regions strongly doped (> 3-10"¥ cm™3). The structure
details are shown in [27,28].

The transient currents of the structures were measured
in application of rectangular pulses of forward voltage of
the amplitude Vp = 0.3—3.2'V, the duration tp = 1-100 us
and the repetition rate f = 1kHz. The value of the initial
current | o was limited by the total resistance Rs = R, + R
of the structure-serial limiting resistance R_ = 1 k€2 and load
resistance Ry = 100€2. The voltage at the load resistance
in proportion to the transient current was analyzed by
a boxcarintegrator BCI-280. The transient currents were
measured by gating the voltage pulses on the load resistance
within the time interval 10ns—30us at the various time
shifts of the gating pulse At from the pulse front and the gate
time 10—400 ns with accumulation of the n-th (n = 8—128)
number of the pulses in order to improve the signal-to-noise
ratio. The time dependences of transient current | ,(t) were
used to construct the series of the dependences of instant
values of the transient current at the fixed time shift At from
the voltage pulse amplitude | (V) for the various At within
the interval At = 50 ns—10 us.
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The static current-voltage curves were measured by
means of Keithley 238. The reactive and active components
of small-signal admittance were measured at the frequency
of 1MHz by means of the CV analyzer Keithley 590
with parallel substitution arrangement. The small-signal
admittance was measured by applying direct forward voltage
and small high-frequency voltage to the p—n-structures. The
intensity of emission and the external quantum efficiency
were measured using an integrating sphere and a calibrated
Si-photodiode.

3. Experimental results and discussion
thereof

3.1. Manifestation of the Gaussian impurity bands
in GaN in the stationary and transient
tunnel-recombination current
of the nanostructure

The typical dependences of stationary current |(V) on
voltage applied in a straight direction are shown on the
Figures 1 and 2 (the curves 1) for the two A nanostructures
and on Figure 2 (the curve 2) for the B nanostructure.
The light-emitting structures with the InGaN/GaN quantum
well are typically characterized by appearance of the static
lg | —V-characteristics of the A nanostructures with the
current ,shoulder of tunnel leak within the subthreshold
voltages V < Vin =2.2V and with fast current rise at
V > Vi already slowing at the small currents | ~ 1 mA
(when current limitation is still neglected by the serial
resistance of the structure rs, which is equal to the sum
of the current spreading resistances in the GaN layers
and the contact resistances (when S=10"3cm? rg is
about 10 €2).

The nitride p—n-nanoheterostructures are asymmetric:
the biggest part of contact potential falls into the p-regions
due to a high effective mass of holes as well as to a
smaller degree of doping of the p-GaN layers than the
n-GaN layers. In the direct biases, the tunnel current
in the structure is limited by the tunnel resistance of
the p-barrier, which, in turn, is determined by tunnel
transparency of the potential wall of the quantum well in
the p-barrier.

The tunnel current is proportional to a product of the
density of the occupied initial states ps(E;), probability of
tunneling through the wall D(E;p) (the tunnel transparency
of the wall) and the total density of the empty finite states
of the impurity band pgt (Eip) and the Urbach tail pyt (Ep)
at a hole tunnel transport level Ep, which passe horizontally
in the well wall wqw (Figure 3) [8,9):

I (Etp) o ps(Etp) (D(Etp) (Pt (Ep) +put (Eep)).

The probability of tunneling through a triangular po-
tential barrier exponentially depends on the barrier height
Vp and the tunneling length & =Vb/gF, (the barrier
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Figure 1. Dependences of stationary forward current (V) on
direct voltage (/) and transient forward current |,(Vp) on the
amplitude of the voltage pulse of duration of t, = 100 us (2—9) of
the A structure. The time shift of the gating pulse At, us: 2 — 0.0,
3—0054—01,5—0256—057—1,8 —2,9— 5. The
markers indicate the voltage corresponding to the peak energies
of the photoluminescence bands of RL-, YL-, GL-, BL- and UVL-
centers in GaN. The inset has the time dependences of the transient
current for the A structure. Vp,V: I — 04, 2 — 0.8, 3 — 1.3,
4—2,5—225,6—25,7—264,8—29,9 — 32

width), Fb = (QN~Vp/eoe)!/? — the strength of the electric
field [29];

D(E;) = exp (—L (M/W*Vb) .

2V2h
Here, g — the electron charge, ¢y — the electric constant,
& — the dielectric constant, m* — the effective mass,

N™ = Na + Ny +Ng — the total concentration of the
main dopant — the acceptors N, the ionized deep centers
of the Urbach tail Nj and the Gaussian impurity bands
Ng =i Ngi-

The ionized deep centers increase the strength of the
electric field in the space charge region w (SCR) of the
barrier of the height of Ey and its tunnel transparency,

thereby reducing the injection barrier in direct voltages and
allowing the holes tunneling into the quantum well through
the potential wall wqw through the effective barrier of the
height of Eey (Figure 3). The holes are thermalized into
the localized stats of the Urbach tail of the quantum well.
Due to a condition of neutrality preservation, a required
number of electrons are tunneled from the n-region into
the quantum well and in thermalizing, recombine in pairs:
radiatively with the localized holes in the Urbach tail of
the well and nonradiatively with the localized holes in the
wall of the well wqw. As the direct voltage rises, due to
recharging of the deep centers and reduction of the bulk
charge in the wall wqw, the tunnel transparency of the wall
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Figure 2. Dependences of forward current on direct voltage for
the A (1) and B (2) structures. The markers indicate the voltage
corresponding to the peak energies of the photoluminescence
bands of RL-, YL-, GL-, BL- and UVL-centers in GaN. The
insets include the dependences of the small-signal amplitudes of
active Gac (/) and capacitance reactive wC (2) components of the
small-signal admittance at the frequency of 1 MHz for the A (a)
and B (b) structures and the dependence of the initial transient
current (3) for the A (a) structure on the voltage pulse amplitude.
The dashed line marks the dependence of the maximum possible
initial current on the pulse amplitude.
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Figure 3. Schematic energy diagram of the light-emitting
structure with the p-GaN/InGaN/n-GaN quantum well in thermal
equilibrium (@) and in forward bias (b), which illustrates increase
in the tunnel transparency of the quantum well walls by the ionized
color deep centers (a), as compensated in direct bias (b).

decreases to compensate an increment of the tunnel current
caused by barrier reduction.

A fine structure of the current-voltage curve of
the B nanostructure (Figure 2, the curve 2) indicates
presence of several impurity bands of the deep centers. The
peak of the tunnel current at the small voltages is caused
by the Gaussian impurity band Ng;(E), i = 1 in the wall of
the quantum well and sharp rise of the density of the empty
finite ionized states of the band for the holes (tunneling
along the tunnel transport level E;p) with increase in the
voltage and movement of the level E;, towards the valence
band ceiling in the region Ei, < Ein (Ein — the energy
position of the Gaussian’s maximum). The subsequent
sharp decrease in the current with increase in the voltage
within the region E¢p < Ein is caused by recharging of the
band states and accumulation of the band neutral states,
thereby reducing the bulk charge and the electric field in
the well wall, causing reduction of the tunnel transparency
of the wall and suppressing the contribution of the shallower
Gaussian impurity bands and the Urbach tail to the tunnel
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conductivity up to V = 1.65 V. A stepwise rise of the current
in the B structure at V > 1.65V can be related to tunnel
transport level Etp’s intersection of the impurity bands of
the RL-, YL-, GL-, BL- and UVL-centers [24,25] that
are responsible for red, yellow, green, blue and ultraviolet
photoluminescence in GaN [12-15]. The A structure (the
Figures 1 and 2, the curves I), where relative contribution
of the Urbach tail’s states to the total density of the localized
states is great, the recharging of the states of the deep
Gaussian bands does not result in appearance of negative
differential resistance and causes only steps on the curves
lg1 (V) within the region 0 <V < 1V.

The inset of Figure 1 (the curves /—9) shows the time
dependences of the value of the transient current | (t) after
the front of the rectangular voltage pulses of duration of
tp = 100 us, as measured at the various pulse amplitudes
within the interval Vp = 0.375-3.2V, for the A structure,
whose CVC is shown on Figure 1, the curve 1. As can be
seen on Figure 1 and the inset thereof, the initial transient
current measured at the front of the voltage pulse of the
small amplitude Vp = 0.4—-0.8V, exceeds the stationary
current by more than seven orders. The transient current
drops most rapidly at small voltage surges Vp, = 0.4V (the
curve I), being still higher than the stationary current
by 4 orders at t, = 10us. With the high voltage surges
Vp = 3.2V (the curve 9), the transient current drops most
slowly, but at t, = 10us it is in several times less than
the stationary current. The exponentially-timed drop of
the transient current does not obey the stretched-exponent
law 1, ~ exp(—(t/7p)f) with a characteristic time 7, and
an stretching exponent of the exponential function g < 1
(both are constant for the time of relaxation), which is used
to describe the relaxation processes in unordered materials.
The curves |p(t) have portions, at which the exponential
drop is accelerated and then decelerated forming a step on
the curve |,(t), and it is accelerated again thereafter. With
the pulse amplitudes V, > 2.5V (the curves 6—9) and at
t > 2us the steps of the curves |p(t) become weak (the
curve 6), and with increase in Vp, instead of a shelf, the
curves | p(t) exhibit a weak increase in the transient current,
which is distinct on the curves |(t) in a linear scale. The
noted peculiarities of the dynamics of the transient current
are caused by the ionized states of the Urbach tails and
the impurity bands of the color centers with the localization
energies Ejoc < F at the zero forward voltage (Vp =0V)
that are available in the p-barrier and by their subsequent
recharging when capturing the tunneling holes after surge of
the forward voltage Vj, during setting the stationary tunnel-
recombination current, when the deep centers with the
localization energies Ejoc > qVp become neutral.

Figure 1 (the curves 2—9) also shows the dependences
of the initial transient current |y (Vp) (the curve 2) and
the instant values of the transient current | (Vp) (measured
at the various gate time shifts At from 50ns to 5us (the
curves 3—9) on the pulse amplitude within the interval
Vp = 0.375—-3.2'V for the A structure, which are obtained
from the time dependences of the transient current |,(t).
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The initial transient current is below the value of the
maximum possible initial current |, specified by the limiting
resistance Rs, as shown by comparing the dependence
[po(Vp) of the inset of Figure 2, the curve 3 and the
linear dependence |n(Vp) =Vp/Rs shown by the dashed
line. Besides, the dependence |y (Vp) has distinct steps
near Vp, = 0.5 and 2.2V, which correspond in magnitude
to the direct voltages V = 0.5 and 2.2V, at which there
is evidently sharp increase in the stationary current in
the A and B structures (Figure 2, the curves / and 2). The
dependences |p(Vp) (Figure 1, the curves 3—9) also show
distinct steps near the voltages Vp = 0.5 and 2.2V, as well
as near Vp = 1.65V that corresponds to the direct voltage
V = 1.65V, at which there is evidently sharp increase in the
direct current in the B structure (Figure 2, the curve 2).

3.2. Correlation of step rise of the components
of small-signal conductivity and transient
and stationary current in direct bias

The small-signal conductivity has been measured at the
frequency of f = 1MHz to show that in addition to
the expected capacitance reactive conductance the p—n-
structures exhibited a active conductance component that is
comparable in amplitude with the capacitance component
within the voltage region V < 2.8V, and an inductive
reactive conductance component within the voltage region
V > 2.8 V. The dependences of the small-signal amplitudes
of the active G,¢ and reactive wC components of the high-
frequency admittance at the frequency of f = 1MHz on
the forward bias for the A and B structures are shown on
the insets of Figure 2 (the curves / and 2) (here, C —
the capacitance being measured, w = 27 f — the angular
frequency).

In the A structure (the inset above), the curves Gac(V)
(the curve 1) exhibit the stepped increase in the amplitude
of the active conductance component G,c near the same
voltages V = 0.5 and 2.2V, at which there is also evidently
a fast rise of the stationary current (Figure 2, the curve 1),
and corresponding to the amplitudes Vp, at which there
is evidently a fast rise of the transient current at the
time shift At =0.5us (Figure 1, the curve 6), which
is in magnitude close to a high-frequency voltage period
T =1/2nf =0.16us. The B structure (the inset below)
exhibits the stepped rise Gg¢ near the voltages V = 1.65 and
2.2'V, at which there is evidently a sharp stepped rise of the
stationary current (Figure 2, the curve 2). The amplitude
of the capacitance reactive component wC increases with
the voltage more monotonously, but both the structures also
exhibit a faster increase in wC within the region of the steps
of the curves Guc(V), on the curves wC(V). When the
amplitude of active conductance is equal to the amplitude
of capacitance conductance G, = wC, then a sharp drop
of the measured capacitance starts. The capacitance passes
over zero (C = 0) at the voltage Vy = 2.87 and 2.81V in the
A and B structures, respectively. With further increase in the

voltage V > V), the capacitance being measured becomes
negative (C < 0) and quickly increases in an absolute value.

The correlation between a behavior nature of the mea-
sured capacitance and the transient and the direct current
observed in increase in the forward voltage indicates the
following. With forward bias of the nanostructure, the
barrier capacitance of the p—n-junction is supplemented
with the capacitance Chop that is related to the in-voltage
period change of the concentration of the main carriers that
are tunneled into the quantum well through the triangular
potential walls, and to in-wall accumulation of the main
carriers occupying the ionized localized states. Similar
to the diffusion capacitance of a homojunction caused by
diffusion of the minority carriers, the capacitance Cpop can
be referred to as a diffusion capacitance caused by jump
diffusion of the main carriers.

3.3. Inductive dynamic response and drop of
efficiency of emission from the quantum well
with increase in direct voltage

Figure 4,a, b shows the dependences of the direct
current’s differential conductance on the forward voltage
Gac(V) = dl/dV for the A and B structures (the curves 1),
which are obtained by differentiating the |1—V-curves, and
on the forward bias of the p—n-junction Ggc(Vj) = dl/dV;,
Vj =V —Irg (the curves 2), which is determined taking
into account the voltage drop on the serial resistance
of the structure rs, that was estimated from a slope of
the |—V-characteristics at the rated current | =20mA
to be r¢ =8.2 and 14.5Q in the A and B structures,
respectively. Figure 4,a, b also shows the dependences of
the small-signal amplitudes of the active G,¢ (the curves 3)
and the reactive (the capacitance wC at V <V, (the
curves 4) and the inductive 1/wL at V > V; (the curves J))
components of the small-signal admittance at the frequency
of f = 1MHgz, on the forward voltage. Here, C > 0 — the
measured capacitance and L — inductance, whose reactive
conductance is equivalent to the conductance of the negative
capacitance: 1/wL = wC at C < 0. Figure 4, a, b also shows
the dependences of quantum efficiency of emission 1 on the
forward voltage (the curves 6) for the A and B structures.

As can be seen on Figure 4 (the curves I and 3), at
the threshold voltage Vin = 2.2V, the amplitude of active
conductance at the frequency of f = 1MHz exceeds the
direct current’s conductance: Ggc > Ggc, but at V > Vi
already near the threshold voltage, at V =2.4V in the
A structure and V = 2.54V in the B structure, G5c and Gy
become equal to Gy = Gae, and with further increase in
the voltage G4c becomes less than Gy in both the structures
Gac < Ggc. In both the structures, the amplitude of the
inductive conductance increases within the voltage interval
V =2.8—3.8V by more than two orders, wherein in the
B structure it increases with the voltage faster then in the
A structure. Within the region of the high voltages, both the
inductive and the active components of the high-frequency
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the zero capacitance C = 0 is observed.

admittance are still below the conductance Ggc by more
than one order.

With increase in the forward voltage, the free carriers
screening the external field for the short Maxwell time
(at Na &~ 2- 10 ¢cm =3 7y, it is about several picoseconds)
end up at the SCR boundaries and create in the SCR a
homogeneous external field directed opposite to the built-
in field of the barrier. At the same time, the width of
the SCR barrier quickly decreases in accordance with the
value and the direction of the changed bias. Then, a slow
stage of the process of screening of the external field starts
due to recharging of the deep centers, which causes slow
SCR widening, decrease in the SCR field strength and
concentration of the external field in the quantum well walls.

With the small-signal measurements, the full voltage
Vac(t) =V +v(t), where v(t) = Vjexp(jowt), and the full
tunnel current lac(t) =1 +1;exp(jot), where V and
| = lsexp(qVo/nkT) — direct voltage and constant current
density, V; and || — the small-signal amplitudes of alternat-
ing voltage and current density, respectively. At V| < Vo,
the small-signal variable component of the hole concen-
tration: P(X, t) = (qV1/nkT)po exp(jwt), where py — the
stationary concentration of the holes at the border with the
quantum well.

Physics of the Solid State, 2024, Vol. 66, No. 3

With the constant bias, the set distribution of the concen-
tration of the tunneling holes in the well wall is determined
by an equality of the rate of their jump diffusion into the
wall and the rate of recombination in the wall, which is
determined by the lifetime and the component p/7. With
the small-signal measurements, the rate of recombination
during the voltage period varies in phase with the voltage
v(t) at (p/7)jwr as a result of variation of the hole
concentration and in antiphase with the voltage v(t) at
—(6/7)(j/wt) as a result of variation of the lifetime. In
doing so, the continuity equation [30] for the variable hole
concentration in the well wall takes the form

d’p P _ 1
DW_;<1+J (wT—E>>_O.

The obtained equation is identical to the equation of
diffusion of the free carriers through the potential barrier
and recombination thereof in SCR in case 7 = const, if the
lifetime of the tunneling carriers is expressed as follows

T

:l—i—j(wr— Ly

T

*

The frequency of jumps of the charge carriers between
the occupied initial center i and the finite empty center j,
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as separated by the distance R, is [6]:
v(Rij) = voexp(—2yRij), (1)

where vy ~ 1012¢7! the frequency of attempts,
y =1/a — the degree of overlapping of the wave
functions, a — the Bohr radius. Taking into account
that |s =gDpo/L, L =R;j and the effective microscopic
diffusion constant D = Rizj - Vhop(Et), Is = 0gRijpo/7, and
by respectively inserting, we obtain for the density of
alternating current | ;:

_ aVi gRijpo . 1
ll_nkT — [14—](0}1’ jwr)}'

By introducing the designations, G,. = qls/nkT,
Chop = 0Qls7/nNKT and Lnop = NkT/qls7, for alternating-
current’s admittance we obtain:

I

. 1
— = G C _— .
Vi ac ) (a) hop a)Lhop)

At the frequency fo=1MHz and wy = 27f,, with
the bias of Vo, woChop = 1/woLhop, wo = 14/LhopChop, and
the small-signal conductance has only the active compo-
nent G,c. The dependences of the inductive component
of admittance at the voltages V <V, for the A and
B structures, as dashed on Figure 4, g, b, are obtained taking
into account the following. At the voltages V <V, the
SCR width change as a result of recharging of the deep
centers poorly contributes to the measured capacitance in
comparison with contribution of the recombination current,
and the changes of the capacitance and inductance values
at the fixed voltage V in relation to their value at Vy are
AwChop = Al/wlnop and 1g(1/wlhop) = —21g(wChop).

AtV =V Gae < Gy (Figure 4, a, b, the curves 3 and 1),
since the stationary distribution of the hole concentration is
still not set. The process of occupying the empty finite
states at the tunnel transport level E;p is not exponential
and it slows as the empty finite states of the ionized local
centers are occupied and the number of the empty states
at the level Eyp is quickly reduced. The rate of jump
diffusion is limited by jumps from the occupied states into
the unoccupied states. As per (1), the jump time increases
with increase in the distance between the occupied and
empty local centers Rij as t(Rij) = (1/vo) exp(2yR;j) and
in a stationary mode, a process of setting of the stationary
current at the inter-center distance R;jj logarithmically
depends on the time Rjj = (1/2y) In(vot).

In the set mode, the concentration of the injected
main carriers (holes) poorly changes along the tunneling
length R;j; in the well wall. At the same time, the
flowrates of the holes radiatively recombining in the well
and nonradiatively in the well wall are determined by a ratio
of the carrier lifetime due to nonradiative recombination in
the well wall and the lifetime due to radiative recombination
in the quantum well. 7n/rad/7rad, and the quantum efficiency
of radiative recombination is

Y:

Tn/rad

Trad + Tn/rad

Since the amplitude of the inductive reactive conductance
means a value of the tunnel-recombination flowrate of the
injected carriers from the quantum well, then there is
evidently a correlation of the dependences of the inductive
component of conductance 1/wL and quantum efficiency
on the voltage (Figure 4,q, b, the curves 5 and 06).

Near the threshold voltage, the main current flowing near
the hole and electron tunnel transport levels Eyp and Ey,
is the tunnel-recombination current in the well wall in the
p-barrier. Only a small number of the thermally excited
carriers are injected into the quantum well and the quantum
efficiency is low. With increase in the voltage, the number
of the carriers injected through the effective barrier quickly
increases. In accordance with the neutrality condition, the
same number of electrons is injected through the n-barrier
in a tunnel way. Since the carriers radiatively recombine
in pairs in the quantum well, with increase in the voltage
the emission intensity exponentially rises as exp(qQV/KT)
due to exponential reduction of 7,4 with increase in the
concentration of the injected holes, while the fraction of the
tunnel-recombination current into the well wall decreases.
As a result, within the voltage interval V = 2.2—2.5V the
efficiency quickly increases, while the inductive reactive
conductance 1/wlL weakly decreases. Within the interval
Vo >V > 2.5V, reduction of the tunnel transparency of the
well walls and increase in the voltage drop in the walls
(due to recharging of the deep centers) result in exponential
increase in the pace of nonradiative recombination. It is
caused by increase in the number of the states of the
Urbach tails between the transport levels E;, and Ep (the
recombination centers) increase in the depth of electron
penetration in the SCR of the p-barrier. As a result, the
efficiency increase with voltage slows, while the inductive
conductance 1/wlL starts rising. With further increase in the
voltage V > V), the higher and higher fraction of the voltage
increment drops at the well walls, thereby resulting in fast
rise of the inductive conductance and in the efficiency drop.

In the A structure, the high density of states of the Urbach
tails provides for high tunnel transparency of the p-barrier
and a high rate of nonradiative recombination, and increase
in the injection levels with increase in the voltage results
only in decelerated and slight rise of the emission efficiency.
In the B structure, the energy spectrum is dominated by the
Gaussian impurity bands of the color centers, and increase
in the density thereof at the level E;p with increase in
the voltage provides for strong increase in the efficiency
with increase in the voltage. In both the structures, the
zero capacitance and a start of inductive rise of the tunnel
current and the efficiency drop are observed near the voltage
of 2.8V, which corresponds to the level E;p’s intersection
of the Gaussian impurity band of the BL-centers that are
responsible for blue photoluminescence in the p-GaN layers.
The low efficiency in the A structure corresponds to the low
density of the BL- and UVL-centers in the lightly doped
p-GaN layers [14].
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4. Conclusion

The results of measurements of the transient currents at
the surge of forward voltage and small-signal high-frequency
conductance at constant forward bias of the light-emitting
p—n-structures with the InGaN/GaN quantum wells have
been analyzed to show a governing influence of the strong
built-in field in the potential walls of the quantum well and
its reduction at direct biases on confinement of the charge
carriers in the quantum well. The strong field is created
by the ionized deep centers to provide for tunnel injection
into the quantum well through the effective barrier. During
screening of the external field in forward bias, the fast
reduction of the effective barrier height and its narrowing for
the Maxwell time are followed by screening of the external
potential by the bulk charge of the deep centers, which is
accompanied by slow SCR extension and reduction of the
field strength in the well walls due to recharging of the
deep centers. The recharging of the deep centers results
in reduction of the tunnel transparency and increase in the
tunnel resistance of the wall and the voltage drop in the
wall, which is accompanied by exponential reduction of the
nonradiative lifetime in the wall and drop of the quantum
efficiency of emission from the quantum well. Capturing of
the main carriers and respective reduction of the bulk charge
in the wall dominate at small biases and are manifested as an
exponentially slowing decay of the transient current at the
surge of forward bias and capacitance dynamic response.
The nonradiative recombination of the captured carriers
dominates at high biases and is manifested as slow rise of
the transient current and the inductive dynamic response.
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