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Space-charge-limited carrier localization in InGaN/GaN quantum wells
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1. Introduction

In structures with InGaN/GaN quantum wells, which
are the basic element of solid-state light sources [1,2],
the high quantum efficiency of radiative recombination
is achieved despite the high density of structural lattice
defects (dislocations, stacking faults), as well as point
defects and their complexes which form the deeper
distribution of localized states in the GaN band-gap
(Eg,gan = 3.42eV at 300K) than in amorphous Si [3].
Gallium nitride made it possible not only to change
the established notion that a high density of dislocations
excludes the acceptable performance of optoelectronic de-
vices [1], but also to demonstrate the possibility of realizing
quantum efficiency in a material with ,dirty band-gap,
reaching 86% [2].

Already early experimental studies showed the dominant
role of defects in the tunneling mechanism of current
flow through potential barriers in light-emitting and pho-
tovoltaic nanostructures, as well as in the gates of field-
effect transistors based on GaN [4-6]. However, the
mechanism of tunneling involving defects and its role
in problems critical for the development of solid-state
illumination, including the problems of decreasing the
quantum efficiency in high-power optoelectronic devices
and increasing their durability, have not yet been studied
enough.

Theoretically, trap-assisted tunneling (hopping) through
the barrier created by the band-gap is considered based on
the approaches used earlier to describe tunneling leakage
currents in dielectrics and excess current in tunneling diodes
and non-ideal heterojunctions, which assumed tunneling
through discrete centers [7], the impurity band [8], or
through centers with a uniform energy distribution [9].

5*

However, GaN epitaxial layers and InGaN/GaN quantum
wells are characterized by deep tails of localized states,
which are inherent in disordered and partially disordered
media, in which the high density of states allows carriers to
tunnel by hops between local centers.

In that way, the broad emission spectra of InGaN/GaN
quantum wells are well described in the model of exciton
thermalization adopted for disordered solid solutions [10]
due to tunnel junctions with the participation of phonons
between states of exponential tails, which are associated
with compositional fluctuations of the band-gap of the
solid solution InyGa;_yN [11]. In epitaxial GaN layers,
hopping conduction through local impurity centers makes
a significant contribution to electron transport even at
room temperature and dominates with temperature decrea-
sing [12].

The continuous energy spectrum of defects in the band-
gap of GaN has features associated with impurity bands of
deep centers, including oxygen- and hydrogen-substituted
vacancies. Point defect complexes cause broad bands of
intracenter absorption and photoluminescence (PL) in the
visible region of the spectrum (color centers), as well
as in the near IR and near UV regions (ie, IR and
UV color centers) [11,13,14]. The small Stokes shift
between the wavelengths of excitation and emission of
intracenter PL in GaN indicates that excited carriers are
thermalized due to tunnel junctions involving phonons
between localization centers. The slow kinetics of PL de-
cay [11] reflects the exponential decay of the rate of
tunneling to deeper states with lower density. Kinetics
characterized by a stretched exponential curve was also
observed for transient forward currents in p—n-structures
with InGaN/GaN quantum wells [15]. It should be
expected that the rate of tunneling charge transfer through
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the barrier during electric injection is limited by the
frequency of hops near the quantum well, in the layer
with the lowest density of local centers along the tun-
neling length. This makes it possible to use the Esaki
tunneling spectroscopy method to study the spectrum of
defects, which provides information on the energy levels
in solid states: in thin layers of insulators and narrow
semiconductor p—n+junctions [7]. The experimental current-
voltage characteristics of a forward-biased p—n-junction are
analyzed in this method under the assumption that the
tunneling rate is determined by the density of empty final
states at the junction boundary. At the same time, in the
case of the high density of local centers, the probability
of tunnel junction through the triangular potential barrier
in a strong electric field, calculated by Keldysh [16], can
significantly decrease as a result of recharging of local
centers and the decrease in the space-charge density and
field strength.

In this work, we present experimental data on the
mechanism of tunneling current and luminescence in
p—n-structures with single InGaN/GaN quantum wells. The
dependences of the tunneling current on forward bias reveal
interesting features. The maxima of the tunneling current
on the ,dark” |-V curves correspond to the minimums
of the tunneling current upon optical excitation, as well
as the humps in the dependences of the intensity and
spectral shift of the PL band from the quantum well on
the bias. These observations allow us to propose the model
of carrier localization in the quantum well that relates
the tunneling permeability of the potential walls of the
well to the space charge density of deep centers and its
change upon optical excitation and forward bias of the
p—n-structure.

2. Experiment and experimental results

For the study were selected: two types of light-
emitting p—n-structures with the single InGaN/GaN quan-
tum well 30A thick, emitting in the blue region of the
spectrum with a peak radiation energy hvp, =2.65eV
(vp =465nm) at rated current | =20mA (structure
area 1073cm?). The structures differ in the magnitude
of the internal quantum efficiency of electroluminescence
(EL), which in the structures designated as A and B, is
60 and 40%, respectively, and in the level of tunneling
leakage currents, which are ~ 1nA and 3 uA, respectively,
at a bias Vi, = 2.2¢eV required to detect the threshold EL
intensity. Structure details are shown in [17,15]. According
to measurements of the capacitance-voltage characteristics
showed, n-and p-regions in nanostructures A are heavily
doped (> 3-10' cm~3), but in the n-GaN layer there is a
weakly doped (7 - 10'® cm—3) area with the width of ~ 120
,nm bordering on the quantum well. In nanostructures B,
the n-region is doped much more heavily (10'® cm=3) than
the pregion (~ 2-10'7 cm™3).
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Figure 1. Energy bands diagram of p—n-structures with
InGaN/GaN quantum well.

Measurements of current-voltage characteristics were
carried out using the current and voltage source-measuring
device by Keithley238. Subbandgap optical excitation was
carried out with the light of a tungsten incandescent lamp.
Photoluminescence was excited by a He—Cd laser with a
power of 20 mW at a wavelength of 325nm (hv = 3.81¢eV).
The PL spectra were recorded on AvaSpec-2048 spectro-
meter.

Under subbandgap excitation of p—n-structures with
an InGaN/GaN quantum well with photon energy
Eg,Gan > hv > hv), optically generated carriers tunnel out
of the quantum well and, separating in the p—n-junction
field, generate the photocurrent (Fig. 1) [11,18].

Dependences of current on forward bias V in electron-
volts (V = F, — Fp — difference between electronic and
hole Fermi levels) for p—n-structures A and B measured
in the ,dark®, i.e. in the absence of optical excitation, and
in the case of subbandgap optical excitation, are shown in
Fig. 2. In Fig. 3, a, b the dependences of the dark current |
on the forward bias are shown on the semilogarithmic scale
(curves 1).

In structure A, the forward dark current first sharply
increases to the maximum value |p = 0.06nA at a bias
Vp = 0.31¢€V, then, after slight drop in the current in the
region with a negative differential conductivity, one more
relative maximum is observed (Fig. 3,a, curve 7). With a
further increase in the bias, three ,,humps“ of the tunneling
current are observed, and the current between the humps
increases monotonically with increasing bias. At the bias of
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Figure 2. Current dependencies on forward bias for struc-

tures A (/—3) and B (I'’—3’) measured in ,dark* (7, 1') and
under subbandgap optical excitation (2, 3, 2’, 3). Excitation power,
mW/em?: 2,2 — 50, 3,3’ — 100. The dashed lines mark the
intervals of the V| —V; bias’s indicated in Fig. 3,a.

V = 1.65¢V, the excess tunneling current begins to grow
sharply and exceeds the peak current in magnitude | . The
sharpest stepwise growth of the tunneling current is ob-
served near the threshold bias Vi = 2.2 V. In structure B,
near zero bias, the dark current is equal to the current in
structure A, but with increasing bias, the current increases
approximately according to an exponential law and, near the
threshold bias, exceeds the dark current in structure A by
more than three orders of magnitude (Fig. 3, b, curve I).

Please note that the dark |—V-characteristic of the
A structure has much in common with the |—V-charac-
teristics of narrow tunnel junctions, in which both sides of
the junction are doped up to degeneration. The maximum
tunneling current | at the bias Vp = 0.31eV resembles
a similar maximum in tunnel junctions due to interband
tunneling. The maximum at the decay of the tunneling
current peak was also observed in tunnel junctions, where
it was associated with the excess tunneling current through
deep centers of defects [19], as well as current humps in the
valley of | —V-characteristics. In structure A, the amplitude
of the tunneling current maximum is very small, but the
ratio of the peak current to the valley current, which is one
of the indicators of the quality of the tunnel junction, is
high: I /1, = 10.
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It can be seen from Fig. 2 that in p—n-structures the rule
of additivity of an ideal photodiode or solar cell, according
to which the photocurrent | ;n = Isc + | is equal to the sum
of short-circuit photocurrent s, flowing in the opposite
direction (lsc < 0) and independent of voltage, and forward
current (I > 0), independent of illumination. Comparison
of the I ;h—V and |-V curves shows that the photocurrent
decreases with increasing bias faster than the forward dark
current increases.

The nature of the change in the photocurrent with
increasing forward bias is illustrated in Fig. 3, a, b, where the
dependences | opt(V) = I ph — lsc are shown on a semiloga-
rithmic scale for structure B at different levels of excitation
(Fig. 3,b, curves 2—4) and for structure A at a high level
of excitation (Fig. 3,a, curve 4). At lower excitation levels,
the photocurrent in the structure A increases to | . as the
bias increases to ~ 0.4 eV, and the nature of the change in
the photocurrent under these conditions is illustrated by the
curves lopt (V) =l ph — Imax (Fig. 3,4, curves 2, 3).

Subbandgap optical excitation leads to the strong increase
in the tunneling current, and in the structure A in the area of
the humps of the dark tunneling current on the | -V curves,
dips in the light tunneling current | o are observed (Fig. 3, q,
curves 2, 3). With the increase in the excitation level on the
lglop (V) curves of the structure B, the steps in the region of
the same bias’s as the dark current humps in the structure A
become more and more distinguishable (Fig. 3,5, curve 4
and Fig. 2, curve 3').

Under interband excitation by laser radiation
(hv = 3.81 eV), photoluminescence from the quantum well
and photocurrent are observed in the structures. Figure 4
shows the dependences on the forward bias of the dark
current | (V) and the dependences lop(V) = Ipn(V) — lsc,
which characterize the decrease in the photocurrent with
increasing bias at interband excitation, as well as the shift
dependence of the photoluminescence intensity |pp (V)
and the peak photoluminescence energy hvp (V) for
structure B.

As can be seen from Fig. 4, the distinguishable humps
on the | (V) curves under interband excitation (curve 2)
are observed in the region of the same bias’s as under
subbandgap excitation (Fig. 2, curve 3’ and Fig. 3,5,
curve 4). It can also be seen from Fig. 4 that the intensity
and red shift of the peak photoluminescence energy from
the quantum well increase with increasing forward bias
faster in those bias intervals in which the photocurrent
decreases faster.

3. Discussion of results

Tunneling permeability and tunneling conductance of
the potential barrier. In its simplest form, the tunneling
permeability of a potential barrier with height ¢, which
determines the probability of a charge carrier tunneling from
a busy initial state with energy E to an empty final state with
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Figure 3. Current dependencies on forward bias for structures A (a) and B (b) measured in ,,dark” (/) and under subbandgap optical
excitation (2—4). Excitation power, mW/em? 2 — 1, 3 — 50, 4 — 100. The dashed lines mark the intervals of V;—V; bias’s, where

humps and steps are observed on the curve / (a).
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Figure 4. Dependences of forward current |op, photolumines-
cence intensity lpr, and peak photoluminescence energy hvpr,
under laser excitation and forward current in the absence of
excitation | from forward bias for structure B. The dashed lines
mark the same bias intervals V; —V; as in Fig. 3,a. T = 300K.

the same energy, has the form [16]:
;Tiﬂ/mw )
2v2h ?)

where § = @/F = (¢/¢?°Ny)'/? — barrier width, F —
electric field strength, N; — density of ionized impurities,
q — electron charge, ¢ — permittivity, m* — reduced
effective mass of electron and hole.

The differential tunneling conductivity of the gin barrier
is proportional to the product of three functions: the
densities of occupied initial ps(E;) and empty final p¢ (E;)
states on the isoenergetic transport level E; and tunneling
permeability D(E;) [9]:

D_exp(— (1)

Otun = dI /dE; = AD(Et)ps(Et)p¢ (Er), (2)
here, A is a constant value.

Esaki deep center tunneling spectroscopy [7] is based on
the assumption that the barrier width in the p—n-junction is
determined by the concentration of the main dope additive.
The barrier height decreases with forward bias: ¢ = @9 —V
(po/q — contact potential difference), and the permeability
increases exponentially with increasing bias: D o exp(C,;V),
where C; is a constant. The flow of majority carriers
from the allowed zone tunnels through the barrier on the
less doped side of the junction to the boundary of the
p—n-junction, where the majority carriers recombine with
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minority carriers diffusing from the opposite side of the
junction. As a result of the Boltzmann energy distribution
of free carriers, the main flux tunnels near the Fermi quasi-
level. It is assumed that the excess tunneling current at
a given bias increases linearly with an increase in the
density of empty final states with energy E; at the junction
boundary pf(E;) (E: counts down from the Fermi level
at the junction boundary). The maxima of the density of
states p¢(E;) appear as tunneling current humps on the
| —V-characteristics.

In materials with a high density of localized states, the
tunneling of carriers through a potential barrier can be con-
sidered based on the model of dispersive transport [20,21]:
carriers at the edge of the neutral region make a tunnel
junction to the nearest local center, and reach more distant
ones by hopping along centers at the tunnel transport layer
E;. The hopping frequency and local tunneling conductance
decrease exponentially with increasing distance between
local centers at the E; level [21].

The similarity of the shape of | —V-characteristics of the
nanostructure A (Fig. 3,a, curve 1) and tunnel junctions
noted above suggests that due to the high density of
defects (taking into account their possible sink to threading
dislocations and grain boundaries), at the periphery of the
space charge region (SCR), the distance between local
centers (in a layer of thickness w—d in Fig. 1) is small
enough to ensure its high tunneling conductivity. The
main contribution to the tunneling resistance of the barrier
I =1/0wn comes from the tunneling resistance of the
near-boundary layer (layer of thickness d in Fig. 1) with
the highest localization energy of centers at the tunneling
transport layer E;. The forward bias increment is distributed
between the n-and p-barriers in proportion to the tunneling
resistances of their boundary layers rpand rp (rn+rp =r).

The tunnel-recombination current flows in a p—n-
structure with the quantum well: electrons and holes tunnel
through the barriers and recombine in the space charge
region. The continuity of the current is ensured by the
equality of the tunneling flows of electrons and holes. Color
centers, like molecular complexes, form impurity bands
in the upper and lower halves of the band-gap. The
current maximum or step occurs at such a forward bias
V =F, — Fp,, when the Fermi electronic level F, at the
boundary between the quantum well and the n-region of
the junction will be at the level of the maximum density
of states of the impurity band of color centers in the upper
half of the band-gap, and the hole Fermi level F, in the
p-region — at the level of the maximum density of states of
the impurity band of these centers in the lower half of the
band-gap. In the case of rp ~ rp, the forward bias increment
is equally distributed between the n-and p-barriers, and the
charge carriers recombine at the junction boundary. In
the case of strong asymmetry of the tunneling resistances,
the bias increment decreases mainly at the barrier with a
high tunneling resistance I, and the carriers recombine
predominantly in the SCR of this barrier.

Physics of the Solid State, 2022, Vol. 64, No. 3

Analysis of the shape of the | —V-characteristics (Figs. 2
and 3) also leads to the conclusion that the space charge
density of ionized impurity centers is not negligible com-
pared to the density of the main dopant, and their space
charge has a significant effect on the tunneling permeability
of the boundary layers, controlling the tunneling flows in
the p—n-structure.

Tunneling spectroscopy of deep levels of defects. Humps
and steps in the tunneling spectrum of the dark current
(V) of structure A (Fig. 3,a, curve I) in the V; bias
intervals (i =1,...,7) reflect the presence in the band-
gap of GaN of several Gaussian impurity bands p; (E) with
maxima of the density of states at E = Eg; superimposed on
a continuous background of impurity states of the Urbach
tail py (E), which propagates, exponentially decreasing, deep
into the band-gap.

As the forward bias increases, the transport level E; in the
barrier with I, near the heterojunction moves to the edge
of the allowed band, according to (2), changes behavior
of the tunneling conductivity is most strongly influenced
by the change in the product of two functions p¢ (E;)D(E),
where p¢ (Et) = pit (Et) + put (E) — total density of empty
final states of the impurity band and the Urbach tail with
energy E;, D(E;) — tunneling permeability of the boundary
layer:

doir  dout
gtun(Et) X D<d—Et + dE;

)+(pif+pm>j—g. 3)

According to (3), the excess in the density of empty final
states dp+ (E;)/dE; when the level E; moves leads to the
greater increase Qiyn, the higher the permeability of the
barrier. But the simultaneous filling and recharging of the
final states of the impurity band p; (E) leads to the decrease
in the permeability, up to the change in sign Qi The
recharge of deep states of the exponential tail pU (E;) does
not lead to a significant decrease D(E;), since the total
charge of its ionized states Qu is determined by the density
of shallow states.

In structure A, the tunneling current maximum at
Vp=0.31¢eV is caused by the presence of the Gaussian
impurity band p1¢(E;). The relative maximum at the bias
V =0.52¢eV can be associated with the increase in the
density of states of the impurity Urbach tail py¢ (E;) at the
level E;. Negative differential conductivity Qiun < O arises
as a result of a decrease in the tunneling permeability of
the barrier with increasing bias, caused by a decrease in
the total space charge of the ionized states of the impurity
bands Qg(E;) upon recharging of the states p;(E) and
02(E). Successive decrease in the tunneling permeability
D(E;) as the bias increases and the states p; (E) (i = 2, 3,4)
are recharged, reduces the height of the current humps
in the valley of | —V-characteristics. The sharp stepwise
growth of the tunneling current in the region of biass V
from 1.65 to 2.5eV is due to the high density of states
pi(E) (i =5,6,7).
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In structure B, in the region of bias’s corresponding to
the valley of |—V-characteristics in structure A, only a
weak depression is observed on the Igl (V) curve (Fig. 3,5,
curve 7), which suggests the dominant contribution to
the space charge in the near-boundary layer and its high
tunneling permeability of the space charge of the ionized
states of the Urbach tail Qu > Qg (E).

Tunneling photoconductivity of SCR (space-charge
region) under subbandgap excitation. Under optical
excitation, photoionization of deep centers occurs with
localization energy Ejoc > E; and charge carriers pass into
the allowed band, followed by ,pulling“ of carriers by
the electric field from the SCR. The photoinduced space
charge Qpn is added to the space charge generated by
thermal excitation Qin = Qg (E;) + Qu, which increases the
field strength in the boundary layer and its tunneling
permeability D(E;).

In a structure A at the low excitation level (Fig. 2,aq,
curve 2) near zero bias Qpn/Qg(0) ~ 1. Increase in the
Qph/Qa(E:) ratio as the states of the impurity bands are
recharged with increasing bias leads to an increase in D(E;)
and Qiun, Which is sharper at the edges of impurity bands at
E; < Eoi, when the space charge Qg(E;) decreases rapidly,
and weaker at E; > Ej when the decrease in Qg(E:)
and psi(E;) is compensated by the increase in pt y(E).
Decrease in the conductivity gyyn is observed only at low
biases, when the ratio Qg (E;)/Qpn is still quite high and the
contribution from the decrease in the space charge Qg(E:)
at the level E; into a decrease in permeability D (E;).

With the increase in the excitation level Qg(0) < Qpn
and dips in the light current |y in the region of dark
current humps | (curve 3) are caused by the competing
effect charge exchange of impurity band states and growth
of pu (E). But as the ratio Qg (E;)/Qpn decreases, the depth
of modulation of the tunneling current by the space charge
of the impurity bands decreases with increasing bias, and
at a high excitation level (at Qg(0) < Qpn, the curve 4)
appears only in weak oscillations of the tunneling current
with the bias.

In the structure B Qu > Qg(0), and the recharging of
impurity band states does not lead to negative differential
conductivity, but only limits the current growth, causing
Iglopt(V) at high levels of excitation (Fig. 3,b, curve 4)
the appearance of distinguishable steps: current cutoff in
the region E; > Ey; at p¢ i (E) > ptu(E) and E < Ey for
pii(E) < pru(E).

Photostimulated tunneling permeability of the quan-
tum well walls. The photoinduced space charge Qpn
increases the tunneling permeability of the well walls and
leads to a weakening of carrier confinement and weak
photoluminescence from the quantum well upon interband
optical excitation.  Successive filling and recharging of
the pi(E) states in the boundary layer with increasing
bias is accompanied by the decrease in the space charge
density Qg near the boundary. According to (1), at the
given barrier height, the tunneling permeability of the well
wall decreases exponentially in inverse proportion to the

square root of the space charge density of ionized impurities
at the heterointerface: D o exp(—C; /Ntl/ 2), where C, is a
constant. The decrease in the tunneling permeability of the
well wall leads to an increase in the confinement of optically
injected carriers, which manifests itself in an increase in the
PL intensity from the quantum well.

The higher the carrier localization energy in the quantum
well and, accordingly, the lower the radiation energy, the
greater the height of the effective barrier through which the
carriers tunnel from the quantum well. For deeply localized
carriers responsible for emission in the low-energy wing
of the spectrum, the thickness of the potential wall along
the tunneling path increases more strongly. As the forward
bias increases, the red sub-spectrum of the PL spectrum
grows much faster than the blue sub-spectrum, which leads
to the red shift in the peak energy of the PL band from
the quantum well, which accompanies an increase in the
photoluminescence intensity.

Nature of centers responsible for tunneling leakage
currents. The results of tunneling spectroscopy of deep
centers correlate with the known data of optical measure-
ments in GaN. The threshold shift V = 2.2eV, at which
the sharp increase in the tunneling current is observed,
corresponds to the peak energy hvy = 2.2¢eV of the yellow
PL band (YL) in GaN [1,22] and threshold energy hvi,
of absorption by YL color centers responsible for yellow
PL [23,24]. The increase in the tunneling current at the bias
V =2.4¢eV corresponds to the peak energy hv, =2.4eV
of the green PL band (GL) in GaN [22]. The region of
shifts V from 1.65 to 2.2eV corresponds to the spectral
region of absorption by RL color centers responsible for the
red PL band (RL) (hv, = 1.85¢eV) and its impurity Urbach
tail extending into the IR region up to hv = 1.65eV [1,25].
The number of current humps in the region of bias’s
0.7—1.65eV with approximately equal energy intervals
between them presumably reflects a series of bands in
the electronic-vibrational structure of the oxygen-containing
defect. Current humps with maxima at V ~ 1.25 and
1.45eV correspond to a broad optical absorption band with
a maximum at hv = 1.22 eV, which dominates in GaN by
volume [13,23]. The current hump with the maximum at
V =~ 0.8 eV corresponds to the IR photoluminescence band
in the region hv from 0.7 to 1 eV with maxima in the vicinity
of 0.9 and 0.8eV [26] and the threshold energy of optical
absorption in GaN hvy, = 0.78 eV [27].

Tunneling currents flowing at small forward biases ,,un-
der the quantum well reduce the efficiency of electrolu-
minescence at low injection levels. As can be seen from
Fig. 5, which shows the temperature dependences of the
quantum efficiency n = lg ./l (g, — EL intensity) at a
current | = 3 uA, structures A and B differ significantly not
only in the value of the efficiency at room temperature,
but also in its temperature dependence, which characterizes
the temperature behavior of the tunneling leakage current.
The efficiency of structure A rapidly increases upon cooling
from 300 to ~ 200K, and only weakly increases upon
cooling below ~ 160K. In structure B, the efficiency is
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Figure 5. Temperature dependences of quantum efficiency of

electroluminescence 7 = lg./l of structures A (/) and B (2)
at | =3vA.

almost constant in the temperature range of 300—200 K and
rapidly increases upon cooling from ~ 160 to 80 K.

In the structure A with the heavily doped p-region
(> 3- 10" cm—3), the nature of the tunneling current spec-
trum | (V) in the region of bias’s 2.2—2.5eV corresponds
to the PL spectrum Ipp(hv) of p-GaN layers with hole
concentration ~ 10! cm~3, characterized by weak PL in
the IR and red (RL) region of the spectrum and a more
intense PL band in the green (GL) region [1,22]. Relation
of tunneling currents in the range of bias’s 2.4—-25eV
(I varies in the interval 2—10uA) with the density of
GL color centers in the p-GaN layer is confirmed by the
temperature dependence of the GL PL intensity in the
p-GaN layers, which increases by about two orders of
magnitude upon cooling from 300 to 200K [25], including
the same temperature range as the decrease in the tunneling
current (Fig. 5, curve 7). This makes it possible to relate the
decrease in tunneling leakage and, accordingly, the increase
in efficiency upon cooling, to the freezing out of tunneling
conduction along GL color centers due to the increase in
the localization of holes at these centers. The temperature
range of 200—300K is characteristic for the unfreezing of
the mobility of molecular hydrogen embedded in metals [28]
or oxides [29] and for the increase in its chemical activity.
This suggests the involvement of molecular hydrogen in the
formation of color centers responsible for low tunneling
leakage currents.
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Large tunneling leakage currents in the structure B with
the relatively low hole concentration (~ 2107 cm™3) in
the p-GaN layer can be associated with the high density
of RL color centers, which, according to PL data [1], is
characteristic of p-GaN layers with insufficient activation of
Mg-acceptors and a relatively high PL intensity in the red
and near IR regions. The tunneling current in the region of
bias’s 1.65—2.2¢V (and currents 2—10uA) corresponding
to RL color centers decreases in the temperature range of
150—-80K (Fig. 5, curve 2), in which there is an increase
by two orders of magnitude of the UVL photoluminescence
intensity in GaN [30] associated with donor-acceptor pairs
containing hydrogen atoms. The temperature range of
80—150K is typical for the unfreezing of the mobility of
atomic hydrogen. This suggests that weakly bound atomic
hydrogen is involved in the formation of RL complexes,
which cause high tunneling leakage currents, an increase in
which is usually observed during the degradation of GaN-
based LED nanostructures.

4. Conclusion

The efficiency of localization of optically injected carriers
in the InGaN/GaN quantum well is limited by the space
charge of thermally and optically ionized deep centers,
which increases the electric field strength near the hetero-
boundaries and the tunneling permeability of the potential
walls of the well, allowing the carriers tunneling from
the quantum well to generate the photocurrent. With the
forward bias applied to the p—n-nanostructure, the electric
field strength decreases mainly in the walls of the quantum
well, reducing their permeability. The decrease in the space
charge at the hetero-boundaries as the impurity bands of
deep color centers fill in the forward bias is reflected in the
stepwise decrease in the permeability of the well walls and
an increase in carrier confinement, which manifests itself as
a stepwise increase in the photoluminescence intensity from
the quantum well.
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