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The capacitance properties of GaP green and red LEDs have been studied. It was found
the character of a doping impurity distribution in the depleted region and the junction
depth dependence on bias voltage and impurity concentration in the low-doped part of the
p-n junction have been established. The dependences of those quantities on the irradiation
dose have been obtained (for E = 1 MeV electrons). In the case of alpha-particle bombard-
ment (102-10% cm™!), anomalous high carrier removal rate is explained by formation of
disordered regions in irradiated samples.

ITpencraBieHBI pes3yJbTaThl UCCIELOBAHUSA €MKOCTHBIX XapaKTepUCTUK (dochumo-raiive-
BHIX JUOJOB 3€JIEHOTO U KPAacCHOTO CBeueHUsd. BBIACHEH XapaKTep pacupelesieHUSA JIETUPYIO-
X OpuMeceil B mpenesax o0eJHEHHOU 00JIaCTM, 3aBHCHUMOCThL NINPUHBI IIepexoja OT IIPHU-
JIOKEHHOT'O HANPAMKEHUA U KOHIEHTPAIIUM NpUMecH B cjabo JIeTMPOBAaHHOM UacTU p-n-mepe-
xogxa. OmpegeseHa 3aBUCHMOCTDL 9TUX BEJUUUH OT JO3BI 00JyueHUA (A 9JIE€KTPOHOB ¢ E =
1 M»5B). AnoMaJybHO 00JIBIIIOE 3HAUEHUME CKOPOCTU yajieHUs HOcuTejeil mpu O6oMOapaupoBa-
iy o-uacrumamu (102-108 ecm™!) o6bacHaercsa o6pasoBaHmeM B OGIyUeHHBIX 06pPasIax 06-

© 2009 — STC "Institute for Single Crystals”

nacTeil pasylnopsgOUYeHNs.

GaP light emitting diodes (LEDs) are
mostly used as visible light emitters [1-4].
The value of diode quantum yield, its oper-
ating stability, longevity and reliability are
defined by the parameters of the grown p-n
junction, which depend strongly on external
factors, in particular, ionizing irradiation.

Although the radiation-induced changes
in the diode base and structure defect prop-
erties were revealed earlier [5—15], the de-
structive radiation influence on main GaP
device characteristics was studied not clear
enough. In this work, presented are the
study results of GaP p-n junction capaci-
tance properties, the distribution of main
doping impurities forming the electron-hole
junction, and influence of electron and
alpha-particle irradiation on the barrier ca-
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pacity. We have considered the features of
different radiation beams action and the
dose dependences on radiative recombination
intensity.

The light emitting diodes produced by dou-
ble liquid epitaxy film growing on GaP sub-
strate were used. Red light diodes were ob-
tained by Te doping with concentration
81017 ecm™3 for n-region and by zinc and
oxygen simultaneously for p-region. In
order to decrease of the Auger recombina-
tion loss, the latter layer was doped to the
charge carrier concentration of 1017 em™3.
The layer thickness values were d, = 50—
60 pm, dp = 20-30 um, the sample area was
1 mm2. For green diodes, n- and p-regions
were doped by nitrogen and zine, respec-
tively, to corresponding concentrations n =
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Fig. 1. Capacity-voltage characteristics of GaP
red diodes, irradiation by 1 MeV electrons at
300 K. 1 — initial, 2 — irradiation ® =
7.810% cm2, N = 7.6-10'% ¢cm ™3, 3 — irradia-
tion @ = 241017 em2, N =4.63-10!6 ¢cm 3,
4 — calculated dependence.

1017 em 3, p =5.1017 cm 3, at the sample
area 0.25 mm2. The capacity-voltage char-
acteristics were measured at 77 and 300 K.
The samples were irradiated at T = 300 K
by gamma-rays in a KU-6000 cobalt unit;
by 1 MeV electrons using an EIT-1.5 accel-
erator and by 27.2 MeV q-particles, in a
U-120 cyclotron. The gamma dose rate of
Co%0 was 500 rad/s. The electron beam was
positioned to the diode p-side transversally
to the p-n junction. As 1 MeV electron pene-
tration depth in GaP is about 1 mm, defects
were formed at a uniform density over the
whole sample volume. An intense cooling
with nitrogen vapor made it possible to de-
crease the exposure time (40 min for ® =
1.2:1017 em~2). The alpha beam density was
50 nA/cm? and water cooling was used.

In order to enhance the measurement ac-
curacy, the equipment was calibrated after
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each irradiation by using a standard light
emitting diode. Diodes with low-frequency
brightness vibrations (several Hz) were
eliminated from next experiments.

The value of barrier capacity of asym-
metric sharp p-n junction is known to be
determine as

eggqN (1)
Cb = SA\/ioiq,
2U + Uy

where S-is p-n junction area [16]; N, the
ionized impurity concentration in low-doped
region; U,, the contact potential difference.

The 1/C2 dependences on reverse bias for
initial (1) and irradiated (2, 3) red diode are
given in Fig. 1. The linear 1/C2%(V) depend-
ence testifies a sharp character of impurity
distribution in the low-doped part of the
junction. For comparison, the 1/C%(V) de-
pendence for asymmetric GaP p-n-junction
is shown calculated using the expressions
[16]

1 2L} 2)
5 = —2(BV,, % BV - 2),
07 = o Vi £V - 2)
_\VEe ., g
L_D_ qNB’ B_ kT' (3)

The Debye length and space charge re-
gion width calculated as a function of impu-
rity concentration are shown in Fig. 2 (a, b).
Parameters Lp =1, 21072 um for N =
1017 em™3 and V), = 2.24 V are used.

The electron irradiation (P, =
7.8:1016 cm~2, D, = 2.4-1017 cm2) causes a
sharp increase in the slope of 1/C%V) curves
due to the reduction of the free carrier con-
centration resulting from compensating influ-
ence of deep radiation defect levels (n; =
7.6:1016 cm™3, ny, = 4.63-1016 cm™3).
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Fig. 2. Debay lenght L(a) and space charge region with (b) as a function of the impurity concentration.

314

Functional materials, 16, 3, 2009



A.Borzakovskyj et al. /| Radiation influence on ...

W, pm

0,4

0,3

0,2

0,1 1 1 1 1
0 5 10 15 uv

Fig. 3. Space charge width as a function of
reverse bias for red GaP:ZnO,0 diode. I —
initial, 2 — irradiated, ® = 7.8-1016 cm™2;
3 — irradiated, ® = 2.4-1017 ecm™2; 4 — cal-
culated value.

The space charge region width depends
on bias and ionized impurity concentration,
which defines also the Debye length L,

W = LpyN2(BV,, - 2). (4)

Results of calculated W(Upg) at Ur=0
and experimental W(Up) obtained from
1/C%(V) dependences (1, 2, 3 curves) for
ionizing impurity concentration N =
1017 cm™3 are given in Fig. 8. A satisfac-
tory agreement of the both curves in the
region of low bias (<8 V) is observed for the
initial sample. At higher voltage, the differ-
ence between Wy, and W, occurs, be-
cause properties of a real diode are more
complicated than the flat condenser model.

Electron irradiation (® = 2.4-1017 ecm™2)
leads to doubling of the space charge region
width (at zero bias) and to the decrease of
contact potential difference (Fig. 1); this is
also caused by the compensating influence
of radiation defects. A similar influence is
observed in the case of gamma-rays of Co®0.
It is seen in Fig. 4 that the maximum
1/C%(V) slope changes occur at D, =
10° rad. Then the curves nearly coincide
even at ® = 1.18-106:5.107 rad. Such effect
is known as low-dose effect. For GaP, it was
observed for the first time in [17]. The ra-
diation-induced diffusion in crystals at high
exitation levels is the most possible reason
for that process [18]. Atoms occupying un-
stable positions in the lattice restore its
equilibrium under the first irradiation and
the subsequent dose increase causes no
changes (Fig. 4).
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Fig. 4. 1/C2 dependence nn V for green diode;
0 — initial, O - y-rays, ® =10° rad, O —
®=1.1810%rad, x — ® =107 rad, V- ® =
5-107 rad.
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Fig. 5. Concentration dependences N, on bias
U in GaP green diodes at 300 K: [0 — initial
sample, A — ® = 10° rad, x — ® = 1.18:10° rad,
O-®=510rad, + - ®=10" rad, ® — ® =
5-107 rad.

The impurity concentration distribution
in the low-doped part of the junction is de-
scribed [19] as

N(x) = —~ | —2
() g55,S2 | AU

3 {dCbT (5)
This dependence for initial (I) sample
and for those irradiated with different
gamma-ray doses are shown in Fig. 5. It is
seen that the sample become essentially ho-
mogeneous after first irradiation. The N(U)
curve shows also the existence of some con-
centration distribution gradient in green di-

odes.
Using the expression for the maximum

junction field intensity
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Fig. 6. Dose dependence of maximal electrical
field intensity for GaP p-n junctions.

Z(U + Uy) (6)
En(©) = e£0S(Z — 1)C”(U)
(Z =2 in our case) and the capacity dose
dependence, it is possible to obtain the
maximal junction field as a function of the
integral particle fluence. It is seen in Fig. 6
that there is a maximum dose after which

the field does not change essentially.
The radiation-induced defect concentra-
tion is

Ng=0-Nyo, (7

where o is the defect cross-section; N4,
atomic concentration; ®, the integral flu-
ence.

The calculated electron interaction cross-
section for different electron energies ac-
cording to the McKinley-Feshbach model
[20] is presented in Fig. 7.

The defect formation efficiency for y-rays,
1 MeV electrons and 27.2 MeV o-particles
can be compared by comparing the carrier
removal rate. To that end, the y irradiation
(rad) is to be converted to phot/ecm?2. For
gamma-rays EY =1 MeV, 1Gy = 102 rad =
1 J/kg and GaP  density pCGaP =
4-1013 g/ecm3. Then 1 rad = 6.25-107 pho-
tons.

The calculation results for all irradiation
kinds are as follows :

dn) _ (1 +0.1)em1;
do , )

dan) _ 10+ 15)em-1;
do |

an) - _ (102 - 103)em-1.
o) ..
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Fig. 7. Dependences of the defect creation
cross section on electron energy in Ga and P
sublattices.

The giant value of carrier removal rate
for alpha-particles is like to be caused by
the formation of disorder regions during ir-
radiation. This fact correlates with results
of capacity measurements as well as with
emission characteristics of LEDs. At low
fluences of alpha particles as compared to
electron irradiation, the diode capacity be-
comes independent of bias and emitting re-
combination is zeroed.

If the mean cross-section of defect for-
mation for 1 MeV electrons is believed to be
20 barn (Fig. 7), then the mean concentra-
tion of primary defects in GaP for electron
fluence ® = 7.8:1016 cm~2 is

Ger. = 20 - 1024.2.46-1022.7.8.1016 =
=83.84 - 1016cm—3. (9)

For both gamma- and alpha-irradiations,
those values must differ in the same man-
ner as their carrier removing rates:

NY,r ~ 5 - 101 cm3; (10)

%o, ~ (1018 =+ 1019)em 3,

Irradiation of GaP LEDs by electrons,
gamma-rays and reactor neutrons results in
a monotonous decrease of their emission in-
tensity. As a rule, there no additional bands
arise in the emission spectrum, but in some
samples a sharp near-edge line (hv =
2.311 eV, 77 K) appears that is absent in
initial samples. As such line does not exist
at room temperature, it can be assumed to
be of exciton origin. This center is formed
most likely by radiation defect and uncon-
trollable impurity.
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Fig. 8. GaP electroluminescence intensity spec-
traat 300 K: I — I =20 mA, 2 — I =800 mA.
The insert-emitting intensity as a function of
the p-n-current: I — green band, 2 — red
band.

The red band intensity (Av = 1.8 eV) de-
pendence on the injection level for irradi-
ated diode trends to saturation (see Fig. 8).
This results obviously from the high radia-
tion defect concentration, connected with
radiationless levels in forbidden band of the
semiconductor. Such recombination domi-
nates in the irradiated sample, thus, the
increase of excitation power leads to the
increase of the radiationless events.

The dose dependences of diode brightness
are shown in Fig. 9. It is seen that drop of
emission intensities for all kinds of irradia-
tion is well described by the exponential law

I = Iyexp(—K D), an

where I, I — the emission intensity of in-
itial and irradiated diodes; K, the bright-
ness degradation coefficient, which charac-
terizes the emission degradation. It is seen
from the Figure that the degradation proc-
ess for electron and neutron irradiation con-
sists of two components. The fast degrada-
tion prevails at the initial irradiation stage.
After attaining of a certain dose, it trends
to slower changes. In the case of neutrons,
the slowing-down of the degradation process
starts earlier than for electrons. The differ-
ence is caused by the complex defects (disor-
der regions) arising in GaP LEDs due to
neutrons. The fast component is defined by
the simple point defects. Those appear in
neutron irradiated samples, the gamma-irra-
diation of the reactor being their source.
The influence of secondary defects (impu-
rity complexes, point defect associations
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Fig. 9. Dose dependences of emitting intensi-
ties: I — neutrons, 2 — electrons, 3 —
gamma rays.

and divacancies, etc.) is manifested most
probably at the second, low degradation
stage. The ratio of degradation coefficients

for reactor neutrons, 1 MeV and y-quanta of
Co®0 is Kpq:K,:K; = 10%:102:1. Thus, the
complex defects, induced by neutrons are
the most effective radiationless recombina-
tion centers.

To conclude, the epitaxial GaP LED’s are
characterized by a sharp impurity distribu-
tion within the low-doped region of p-n
junction. The experimental C(V) curve is
close to the calculated one. The volume
charge region width depends linearly on the
impurity concentration. Irradiation with
1 MeV electrons increases this width, this
being a result of the compensating effect
due to deep levels of radiation-induced de-
fects. In diodes irradiated by gamma-rays,
the low dose effect is observed, caused by
the radiation-induced activation of non
equilibrium structure defects. High ionizing
levels of lattice atoms are governing in the
process. A low gradient of impurity distri-
bution is observed in green LEDs. The irra-
diation equalizes partly the inhomogeneous
carrier distribution N(x). It has been also
revealed that the p-n junction field E de-
creases monotonously under irradiation and
at large electron fluences (® = 5-1016 cm~2)
E becomes independent of ®. The large
value of the carrier removal rate in samples
irradiated by alpha-particles is probably
caused by the appearing of disorder regions.
The drop of emission intensity during diode
irradiation is a result of deep nonradiative
levels creation in GaP forbidden zone. The
degradation coefficients for all irradiation
kinds have been found. It appears that deg-
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radation coefficient is four orders higher
for neutrons than those for gamma-rays of
Co%0 due to the formation of disorder re-
gions during neutron irradiation.
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Bnaue pagiamii Ha xapaKTepHMCTHKH
docoimo-ramieBux cBiTIOTIONIB

A.E.Bop3aroécvkuil, O.M.I'onmapyx, B.I.Koukin,
II.T'.Jlumoéuenko, B.A.0Onunam, I.B.Ilempenko, B.Il. Tapmaunuxk

HaBezneno pesyiabTaTu OOCHiIKEeHHS €MHICHUX XapaKTePUCTUK 3eJIeHUX Ta UYePBOHUX
dochigo-ranieBux pgioxis. BusHaueHo XapakTep POSIOAINY JeTyIOUUX IOMINIOK y MerKax
30imHeHOl 00JacTi, 3aJle}KHICTh IIUPUHU TEPeXOAYy BiJi NPUKJIaZeHOl HAIPYTrW Ta KOHIIEHT-
pamii gomimiku y ciaboseroBaHiii uacTuHi p-n-nepexoxy. Omep:kaHo 3ajleKHICTHL ITUX BeJHU-
UyuH Bif mosu ompoMiHeHHSA (IaA eleKTpoHiB 38 E = 1 MeB). AHoMalbHO BeJIMKe 3HAUEHHS

MIBUIKOCTI BUjaleHHs HociiB mpum GomGapayBammi o-uactmakamu (102-103 cm™!) mosec-
HIOEThCA (POPMYBAHHAM B OIPOMiHEHUX 3pasKax obJiacTeil po3yIOPALKYBaAHHA.
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