JOURNAL OF NANO- AND ELECTRONIC PHYSICS
Vol. 16 No 2, 02030(6pp) (2024)

REGULAR ARTICLE

MYPHAJI HAHO- TA EJIEKTPOHHOI ®I3UKH
Tom 16 No 2, 02030(6¢c) (2024)

OPEN ACCESS

Properties of the Original Electron-Irradiated LEDs Homojunction GaP, GaAsP and

Heterojunction InGaN Structures
T.M. Zahorodnial, O.V. Melnychenko?, V.P. Tartachnyk3, M.E. Chumak#+**

1 Sumy State University, 40007 Sumy, Ukraine
2 L.V.Pisarzhevskii Institute of Physical Chemistry NAS of Ukraine, 03028 Kyiv, Ukraine
3 Institute of Nuclear Research NAS of Ukraine, 02000 Kyiv, Ukraine
4 Drahomanov Ukrainian State University, 02000 Kyiv, Ukraine

(Received 05 February 2024; revised manuscript received 25 April 2024; published online 29 April 2024)

The work contains a detailed review of the results of research published in recent years on homojunction
light-emitting diodes (LEDs) grown on the basis of GaP and GaAsP solid solution, as well as InGaN hetero-
junction structures with quantum wells (QWs).

In order to identify the cause of the instability of the microplasma glow, it is important to analyze the
electrical and spectral characteristics of the studied structures. The purpose of the study was to identify the
cause that leads to the deviation from the typical dependences of I(U) and L(I) and to identify possible phys-
ical factors that underlie the occurrence of anomalies of the LEDs-radiation.

The original part is based on a comparative analysis of experimental data obtained during the study of
the electrophysical and spectral characteristics of both types of LEDs.

The results of the study of the influence of radiation defects introduced by electrons with E =2 MeV on
the fundamental and operational parameters of the studied diodes are also presented.

The increase in the differential resistance of homotransient GaP and GaAsP LEDs due to a decrease in
temperature and irradiation is caused by the capture of current carriers by deep impurity levels, as well as
levels of radiation defects. The value of the barrier potential of the diodes at the doses used (Fmax = 1015 cm -2
for GaP diodes; Fnax = 2.64 cm -2 for GaAsP diodes) is practically unchanged.

In InGaN heterostructure LEDs with QWs (Av = 505 nm) the NDC region begins after cooling to
T'< 130 K; its occurrence may be related to the effect of resonant tunneling of current carriers.

The short-wavelength parts of the GaP, GaAsP, and InGaN LEDs emission lines agree well with the
classical Gaussian distribution; long-wavelength ones are stretched towards long-wavelengths, which is
caused by the effect of the tails of the density of states (TDS) in both homo- and heterotransition structures.
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1. INTRODUCTION

Solid-state sources of injection light GaP, GaAsP
LEDs, grown on the basis of homojunctions, thanks to a
simple and cheap production technology, small dimen-
sions, high spectral purity and narrowness of the main
emission line, starting from the moment of Golonyak's
production (1962) of the first LEDs based on GaAsP,
widely used in various fields of electronics, communica-
tion, transport, household, etc.; materials GaP, GaAsP -
for the creation of the latest electronic technology base
[1-5], as well as high-performance solar cells [6-8].

Of the mentioned types of LEDs, only GaAsP diodes
doped with nitrogen can be considered highly efficient —
if the maximum external quantum yield n GaP SD ~ 1 %,
then in GaAsP(N) LEDs it can reach several percent [9]
further increase 752F impossible due to its indirectness.
The second problem concerns both emitters — it is a sig-
nificant width of the recombination volume of the diode
and the adjacent base part with a high concentration of
non-radiative levels. The use of direct-band materials
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for the formation of the active region of the LEDs and
reducing its width do not contain fundamental and tech-
nological limitations and can be implemented on the ba-
sis of direct-band GaN nitride compounds, but despite
their main advantage over GaP, they have the inherent
disadvantages of hexagonal crystals - strong internal pi-
ezoelectric fields and spontaneous polarization
(~ 108 V/m), which not only reduce the LEDs efficiency
due to the action of the quantum-limited Stark effect,
under their influence, sections of tunnel currents on the
current-voltage characteristics (CVCs) [9].

The values of the ionic radii of In*® cations in InN and
Ga*® y GaN differ by almost 1.7 times, which causes a
large difference in lattice constants and, accordingly, a
high density of mismatch dislocations [10, 11] when
growing the InGaN active layer. Significant mechanical
stresses increase the internal fields and the effect of the
Stark effect, as a result, the quantum yield decreases.

The authors [12] place the main responsibility for the
existence of reverse currents in InGaN diodes on helical
and mixed dislocations, and it is emphasized that in III-
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nitride compounds the leakage currents are significantly
higher than classical diffusion or generational recombi-
nation ones. Reducing the effect of dislocations on the
efficiency of the LEDs is possible by growing nanowires
in the structures of the LEDs [13].

In the article [14] were discovered significant tunnel
currents during direct biasing of blue InGaN LEDs.

In the InGaN LEDs, the active region is a direct-
band solid solution of InxGai - N, the bandgap width of
which depends on "x"; at x = 0.2, the diode emits blue
light. An increase in the concentration of In shifts Amax
into the red region, at the same time, there is a drop in
radiation efficiency caused by the accumulation of In at-
oms — an extremely negative effect, which was called the
"green valley problem". The authors [10, 11] associate it
with the deterioration of the crystal quality due to the
mismatch of the constant lattices in InGaN and the sep-
aration of In phases, as well as with the decrease in the
overlap of the electron-hole wave functions due to a
strong polarization field.

The results of the study of the impact of initial struc-
ture defects and radiation-induced disturbances on GaP,
GaAsP crystals and LEDs based on them are considered
in the monograph [12]; The number of works devoted to
the analysis of post-irradiation defects in InGaN diodes
is relatively small. Given the limited scope of the article,
we provide only a list of relevant references [13-24].

The quality of LEDs structures is primarily deter-
mined by the absence of failures in the operating mode,
which are manifested in the form of irregularities in the
CVCs or lux-ampere characteristics L(J); the size of the
operational resource and resistance to external factors.

To eliminate the causes and consequences of the
mentioned anomalies, detailed information about the
causes and sources of occurrence, formation mecha-
nisms, reaction to the influence of external factors is nec-
essary. The latter especially applies to the action of pen-
etrating radiation of cosmic and terrestrial origin in con-
ditions when these LEDs are actively used in infor-
mation and communication channels of optoelectronic
communication, control systems, display and processing
of information flows.

The necessary results and conclusions that can con-
tribute to the elimination of the instabilities of LEDs op-
eration — microplasma parasitic glow, current lacing,
currents flowing around; of defective tunneling or un-
wanted background radiation of impurities can be ob-
tained by analyzing their electrical and spectral charac-
teristics.

In the research materials presented below, the main
focus was on the comparative analysis of CVCs of both
types of LEDs with the aim of identifying the reasons
that lead to deviations from the typical dependences of
I(U) and L(I) and identifying possible physical factors
that underlie the occurrence of anomalies.

2. EXPERIMENT

The original and irradiated by electrons with
E =2 MeV LEDs were studied: green glow grown on the
basis of GaP and yellow GaAsP, as well as InGaN
(ﬂmax =505 nm, Amax = 470 nm) with QW

The dependence of the glow intensity of the green
GaP LEDs on the current (I = 2+60 mA and I = 20+60
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mA) was measured using a Green-Wave spectrometer
(350-1150 nm). The CVCs of the LEDs were recorded in
the range of 77+300 K using an automatic device in the
current generator and voltage generator modes.

Due to powerful air cooling during the introduction
of defects, the temperature of the samples did not exceed
room temperature; irradiation by electrons with
E =2 MeV was carried out in pulse mode.

3. RESULTS

In Fig. 1-3 show the CVCs of the original and irradi-
ated by electrons with £ = 2 MeV homotransient LEDs
grown on the basis of GaP and GaAsP solid solution,
taken in the temperature range of 77-300 K in the cur-
rent generator mode.
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Fig. 1 — CVCs of the yellow original and irradiated
(F = 2.64-10'6 cm -2, current generator mode) GaAsP LEDs,
linear scale
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Fig. 2 — CVCs of the yellow original and irradiated
(F = 2.64-10'6 c¢m -2, current generator mode) GaAsP LEDs,
semi-logarithmic scale

It can be seen that at T'< 135 K, there are areas of
negative differential conductivity (NDC) on the charac-
teristics taken in the current generator mode, which ex-
pand as the temperature decreases; at the same time,
the point of transition from positive to negative re-
sistance of the sample ("breaking point") shifts towards
higher voltages (Fig. 3). At all temperatures in the range
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T = 135+77 K, the value of the positive differential re-
sistance (dU/dI)* exceeds (dU/dI)-. The introduction of
radiative defects into the sample, as well as a decrease
in temperature, leads to an increase in (dU/dI)* and
(dU/dI)- and causes a further shift of the transition point
("breakdown point") towards higher voltages.

For example, for T=95=K
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Therefore, when the radiation resistance of the LEDs
is evaluated based on the change in the value of the di-
ode's differential resistance (dU/dI)*, it turns out that
the stability of the GaAsP LEDs is significantly higher
than that of the GaP LEDs (= 26.4 times).

The increase in (dU/dI) with decreasing temperature
and with irradiation is a consequence of carrier capture
by impurity levels and deep levels of radiation defects.

Extrapolation of CVCs to the zero value of I accord-
ing to

U:I'Rs"" Up—n (33)

makes it possible to estimate the value of the barrier po-
tential Up-». At the doses used, the changes in the CVCs
due to irradiation are due to the increase in the compen-
sation of the electronic conductivity of the base; at the
same time, the barrier potential for both types of LEDs
remains practically unchanged.

In the area of small doses (up to =410 cm~2), the
current transfer mechanism of GaP LEDs remains dif-
fusion-recombination, n- the ideality coefficient is
1.59+1.95 (AT = 245+300 K); when the temperature
drops (AT = 135+180 K) n = 2.64+3.52, which indicates
some growth of the tunneling component.

In GaAsP LEDs, the ideality coefficient is constant
in a wider temperature range (180+300 K), where it is
equal to 2.28+2.3; in the future, n remains unchanged
up to F'=2.64 1016 cm —2. It is obvious that at such doses
in the GaAsP LEDs, the concentration of introduced ra-
diation defects is insufficient for their formation of re-
gions of effective development of tunneling processes.

In fig. 3, 4 shows the CVCs LEDs InGaN family
(hVmax = 505 nm), taken at 77+290 K in the current gen-
erator mode, S- a similar section on the I(U) curves be-
gins to stand out upon cooling to 7= 130 K. In the region
of higher temperatures and significant currents, the I(U)
dependence becomes linear, which makes it possible to
determine the series resistance of the multilayer struc-
ture of the diode Rs and the barrier potential Us. Series
resistance decreases upon cooling from 10.5 Om (290 K)
to 3 Om (150 K) due to its partial compensation by the
negative component, which increases with decreasing
temperature.

The processes that lead to the appearance of NDC in
semiconductor — S diodes with current-controlled re-
sistance are currently insufficiently investigated. It is
known that current lacing in such objects can be a con-
sequence of intervalley transfer of carriers, resonant
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tunneling between QWSs, double injection of electrons
and holes into a high-impedance depleted region, etc.
[25-27].
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Fig. 3 — CVCs of the original green-blue (Amax = 505 nm) InGaN
LEDs are taken in current generator mode. The inset shows the
diagram of inter-barrier tunneling of current carriers

One of the possible versions that can be used to ex-
plain the mechanism of NDC formation in GaP LEDs
was discussed in [27], where it is emphasized that due
to the peculiarities of the band structure in this crystal
at low temperatures, the mechanism of intervalley scat-
tering can be triggered.

In order to elucidate the causes of NDC in GaAsP
LEDs, in which the active region is grown on the basis
of a solid solution with a poorly understood band struc-
ture, additional research is needed. But, despite this, as
in homojunction devices, in GaAsP LEDs, there is a high
probability of the development of the process of double
injection of current carriers into the depleted region of
the p-n junction, which can also be implemented in the
diodes we are studying.

In InGaN LEDs with QWs, much more complex than
homojunctions made on the basis of GaP and GaAsP
LEDs, a sharp increase in current can be caused by the
resonant tunneling effect (RTE) through two barriers
between adjacent QWs (Fig. 3, inset). Its high probabil-
ity in InGaN LEDs is a consequence of the small thick-
ness of barriers and pits (~ 8+10 nm). An increase in the
intensity of the electric field with a simultaneous de-
crease in the temperature of the sample can lead to the
coincidence of the Fermi level of the left QW with the
level of dimensional quantization of the right one, which
manifests itself in the form of an avalanche increase in
the injection of carriers.

A decrease in the barrier potential with a decrease in
the diode temperature is the result of carriers moving to
lower energy levels in QWs and the consequence of their
capture by impurity levels in the barriers.

The values of the negative differential resistance
Rg in the NDC section are significantly lower than
R¥ (Ry = 12,5 O, RE ~ 400 Om, 77 °K).

The mechanism of current flow at room temperature
remains close to diffusion-recombination (n = 2.32); a de-
crease in temperature is accompanied by an increase in
the contribution of the tunneling component (n= 7.5 at
77 K); already after 7'~ 230 K, the tunneling process be-
gins to effectively affect the mechanism of current flow.
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Fig. 4 — CVCs of the original green-blue (Amax = 505 nm) InGaN
LEDs taken in current generator mode (semi-logarithmic scale)

Within the short-wavelength halves of the emission
lines (4 > Amax) the electroluminescence spectra of GaP,
GaAsP homotransient LEDs agree well with the Gauss-
ian statistical distribution; at A > Amax, as can be seen
from Fig. 5-6 there is a significant difference between
them.
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Fig. 5 — Luminance spectra of the original green GaP LED
taken at different currents (I = 2+60 mA, T'= 300 K)
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Two mutually opposite processes — emission and ab-
sorption of light differ in general only in the direction of
flow. In this case, if the Urbach energy, which character-
izes the degree of crystal disorder and is determined
from the slope of the near-edge absorption coefficient

_ Eg-hv
a=age Eu (3.9

then it should be equivalent to the E2 value obtained
from the slope of the long-wave wing of the spectral line
of the diode emission.
On the other hand, the Urbach energy, as shown in
[28], is determined by the density of charged centers N;
2

Ey =22W,(N; — ad)®, (3.5)
2
e
where W, = T ag — the Bohr radius of matter
B

Therefore, it should be hoped that the observed long-
wave deviation of spectral lines from the Gaussian dis-
tribution is a consequence of the effect of tails of the den-
sity of states (TDS) formed by the inhomogeneous distri-
bution of defects in the crystal structure.

Electron irradiation leads to some increase in Es
(EyTed= 0.069 eV) and its small value is most likely
caused by a small relative contribution of the concentra-
tion of defects of radiation origin in the presence of a
high density of initial damage to the structure. After all,
as it follows from the data [29], the electron dose
F =210 cm -2 is still insufficient to achieve noticeable
destruction of the absorption edge of GaP crystals.

At the same time, the decrease of the E2 parameter
with an increase in the injection current can be consid-
ered as a consequence of the "flooding" of carriers of deep
levels of TDS and the glow of the participation of "Ur-
bach tails" in the recombination process (Fig. 6, inset).

The slope of the short-wavelength wing of the spec-
tral lines makes it possible to estimate the average tem-
perature of the electronic subsystem. Ei1 = K,T. for
1=60 mA of the original sample is equal to T ~ 441 K in
the irradiated Te = 580 K and is practically unchanged
within I = 30+600 mA.

The growth of Te as a result of irradiation is due to
the radiation expansion of the p-n transition and the cor-
responding increase in its scattering power.

53000
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Fig. 6 — Luminescence spectra of irradiated (F = 21016 ¢cm - 2)
green GaP LEDs, taken at different currents (I = 2060 mA,
T'=300 K). The tab shows the dependence of the Urbach energy
on the current

Fig. 7 — Spectral characteristics of the original InGaN LEDs
(Amax = 470 nm), taken at different temperatures (7= 77+290 K,
I=16 mA)
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Fig. 8 — Spectral characteristics of the irradiated (F = 3.35-1015
cm~-2) InGaN LEDs (Amax =470 nm) taken at different temperatures
(T=77-290 K, =16 mA)

In Fig. 7-8 show the spectra of the original and elec-
tron-irradiated InGaN heterostructure LEDs with QWs,
taken in the range 77-290 K.

It can be seen that in addition to the main line of
"blue" glow from Amax = 465 nm, a bend is distinguished
in the spectrum, the position of which is close to 480 nm,
which gives reason, taking into account the data given
in [30], to interpret it as a phonon repetition of the main
radiation maximum.

The dependence of the intensity of the main glow of
the diode on the wavelength is well approximated by the
Gaussian distribution, so it is possible to estimate the
line width (A1 = 14 nm), as well as the Urbach energy
(Ey = E;"9=0.034 eV, EfT34=0.060 eV). The tempera-
ture of current carriers in the region close to room tem-
perature is equal to Tg”g ~ 375 K; Tired ~ 479 K.

4. CONCLUSIONS

Measurements of the electrophysical characteristics of
LEDs irradiated by electrons with E = 2 MeV GaP and
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BriacTtusocTi BUXigHUX, OIIPOMiHEHHUX €/IEKTPOHAMM CBiT/IOgiogHNX romonepexiguux GaP,

GaAsP ta rereponepeximgaux InGaN cTrpykryp
T.M. Baropozus!, O.B. Menpuuuenro?, B.II. Taprauuux3, M.€. Yymak*
L Cymcevruli oepycasruti ynisepcumem, 40007, Cymu, Yipaina

3 ITnemumym s0epHux docniodxcenv Hauionanvroi akademii nayk Yrpainu, 02000 Kuis, Yrkpaina
4 Vipaincoruii oepocasrnuil yuisepcumem imeni Muxaiina pacomarnosa, 02000 Kuis, Yrpaina

PobGoTa MicTuTh IeTaJbHUHA OrJIsA OMyOIIKOBAHUX B OCTAHHI POKM PE3yJIBTATIB JOCIIIKeHb TOMOIIepexi-
maux cityaomiomis (CII), Bupomenux Ha ocHoBl TBepmoro podunHy GaP 1 GaAsP, a Takosk rerepomepexigHux
crpykryp InGaN 3 kparnToBumu smamvu (K).

Jl71s1 BUABJIEHHS IIPUYMHNA HeCTAOLIBHOCTI CBITIHHA MIKPOILIA3MHU BAYKJINBO IPOAHAII3yBATH €JIEKTPUYIHI
Ta CIEKTPaJIbHI XapaKTePUCTUKHU JOCIIKYBAHUX CTPYKRTYP. MeToio nocstinskeH s 0yJI0 BUsIBI€HHS IIPUYUHUA,
10 IPU3BOAUTE A0 BiAXWJIeHHS Bif TumoBux sasiesksocterr I(U) ta L(I) Ta BUABIEHHSA MOKIUBUX (Pi3UIHUX
daxrropis, SKi JesKaTh B OCHOBI BUHUKHEHHS aHOMAJIIY CBITJIOAI0JHOTO BUIIPOMIHIOBAHHS.

OpurinaigpHa YacTrHa 0a3yeTbesi HA MOPIBHIJIBHOMY aHAJII31 eKCIepPUMEHTAJIbHUX JTaHUX, OTPUMAHUX
IpY JOCIIPKeHH] eJIeKTPOdI3UIHIUX 1 CIIEKTPAIBHIX XapAKTEPUCTUK 000X TUIIIB CBITJIOIO/IIB.

Takox HaBeIEHO pPe3yJILTATH JIOCIIKeHHS BIUIUBY PaTlalliifHuX Jed)eKTIiB, BHECEHUX €JIEKTPOHAMU 3
E =2 MeB, Ha ocHOBHI Ta pob0Ul mapaMeTpy TOCTKYBAHUX JTIOTIB.

30ibITeHHs AudepeHItiaabHoro omopy romomnepeximaux ceitimomiomie GaP 1 GaAsP 3a paxynoxr 3mHu-
JKEHHS TeMIIePATyPH 1 OIIPOMIHEHHS 3yMOBJIEHO 3aXOIIEHHSIM HOCIIB CTPYMY TJIMOOKMMU JOMIIIKOBUMH PIiB-
HAMH, a TAKOYK PIBHAME paTialliiHuX gederTis. 3HaueHHs 6ap epHOTO0 IMOTEHIAY JI0/IIB TP BUKOPUCTOBY-
BaHUX 103aX (Fmax = 1015 M ~2 muis giomis GaP; Fax = 2,64 em -2 nuia gioxis GaAsP) mpakTuaHO He 3MIHIOETHCA.

V¥ rerepocrpykrypHux cBitsomiomax InGaN 3 kBauroBumu smamu (hv = 505 um) obsracts HII mounaa-
eTbes micstst oxosomkerHst 1o T'< 130 K; itoro BuHukHeHHs Moske OyTy HOB's3aHe 3 e)eKTOM PE30HAHCHOTO
TYHEJIIOBAHHS HOCIIB CTpyMY.

KoporkoxBriboBi 4yacTuHY JIiHINA BUpoMiHoBaHHA cBiTiomioniB GaP, GaAsP i InGaN mobpe yaromy-
IOTBCS 3 KJIACHYHUM PO3IoaIoM ['ayca; JOBroXBUIILOBI PO3TATYIOTHCS B 01K JIOBMOXBHJILOBUX, III0 3YMOBJIEHO
eeKTOM XBOCTIB TYCTHHU CTAHIB SIK y TOMO-, TAK 1 B T€TEPOIIEPEXITHUX CTPYKTYPaX.

Kmouori cnosa: Ceitnomion, GaP, GaAsP, InGaN, Bosbr-ammepni xapakrepuctuin, CrieKTpaibHI Xapak-
tepucturu, OnpoMiHeHHs.
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