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Electricd properties of unintentionaly dopel p-type Gaodng odNo.01AS0.987 quaternay alloys
gromn by metd—organc vapor-phas epitayy hawe been investigate by Hall-effea and
photoconductivig measurementsPersisteh photoconductivi (PPQ has been observe in this
materid at temperature T<320K. The PRC buildup and dec& kinetics hawe been systematically
measurd at different temperature and photoexcitatio energis and formulatel in the contex of
lattice-relaxe dee levels (or AX-like centers. The parameteswhich characterie the AX centesin
GalnNAs namely the therma and opticd ionization energieshole captue barrier, and the Stokes
shift, have been determined Our resuls indicae that AX-like deg levels strongl influence the
electronc properties of the GalnNAs quaternay system © 199 America Institute of Physics.
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Recently the quaternay GaIn; ,N,As, , alloy system
has attractel a gred ded of attention due to its potential
applicatiors in next-generatio ultra-high-efficieng multi-
junction sola cells as well as in optoelectrort devices for
opticd communication$.’ It has been demonstrate that
this quaternay alloy systen can be grown lattice matchel to
GaAs substrate and its band-g@ energy can be tailored to
arourd 1.0 eV by incorporatirg only a few percen of N
concentratio unde nonequilibrim growth conditions!~’
The 1.0 eV Galn; _,N,As, _, alloy systen appeas to be an
ided candida¢ materid for the third junction in multijunc-
tion sola cells Recently a Galn; yNyAs, _, sola cel with
an internd quantum efficieng (IQE) greate than 70% has
bea achieved: However the device performane s still rig-
idly limited partly due to the presene of defecs in Galn-
NAs, which may resut in low IQE ard smal minority-
carrig diffusion lengths Thus the impurity propertiesin this
quaternay systemn hawe to be studial thoroughy before we
can take full advantag of this class of materials.

In this letter, we repot the observatio of a persistent
photoconductivig (PPQ effed in GalnNAs materias grown
on GaAs substratesAt low temperatureshe conductivily of
the sampé was observe to increag by more than one order
of magnituek after light exposue and the photoenhanced
conductivily persisté for avery long periad of time after the
terminatio of photoexcitationThe accepto binding energy,
hole captue barrier, and opticd ionization energy hawe been
obtainel by utilizing Hall-effead and photoconductivig tran-
siert measurements.

The unintentionally doped p-type
Ga& 9dNg 0N 01ASy 987 SaMples usel for this study were
grown by metd—organtc vapor-phas epitaxyy (MOVPE) us-
ing dimethylhydrazie (DMH) as the nitrogen source The
growth procedue was similar to tha reportel elsewheré.
Specifically a growth temperatue of 650 °C, growth rate of
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7 pm/h, arsine pressure of 0.2 Torr, and DMHfatio of
0.9 were used The nominaly 1 um GalnNAs film was
deposite onto a Cr-dopal GaAs substrate Ohmic contacts
were mack by annealiig In/Zn dots onto the cornes of the
samplesFor photoconductivig measurements 1.5 V bias
was supplial to the sample a Ne lamp was usal as an exci-
tation source and an electromete was usel to monitar the
current The light intensity and buildup time span are fixed
for all sampé temperaturesTo ensue tha eat se of data
obtainel unde different temperature has the sane initial
conditions the systen was always heatel up to 330 K and
then cooled down in darknes to the desirel measurement
temperature and a 30 min waiting time was generaly re-
quired before dat acquisition A halogen lamp, together
with a monochromatoand an infrared filter, was used as an
excitation light soure in the 0.75-2.5 um wavelength re-
gion for the opticd ionization enery E,,; measurement.
Figure 1 shows the free-hok concentratia p as a func-
tion of reciprocé temperatue obtainal in darknes in the
temperatue range from 10 to 450 K. From the appearaneof
the Hall datg we can clearly see tha different slopes are
presen in the In(p) vs UT plot, which indicates that more
than one accepto stae may be involved in the conduction
process Furthermore alloy scatterig is probaby very im-
portart in this quaternay material which can lead to ahop-
ping conductia in the low-temperatue region However as
demonstratein apreviows work of n-type 6H—SiC materials
in which severaddona levels associaté with differert lattice
sites are known to be involved? the averag impurity ther-
mad ionization energy (E,) can be estimatel from the slope
of theIn(p) vs U/T plot in the high-temperatweregion which
is abou 67 meV. To be shown later, this value is much
smalle than the opticd ionization enery (Ey) of abou 700
meV. The insé shows the hole mobility u,, as a function of
temperatureScatterig mechanisrain different temperature
regiors in this materid remah to be studied However the
variation of u, with temperatue indicates tha the chang in
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FIG. 1. Arrheniws plot of the free-hok concentratia in GalnNAs Assum-
ing compensatio is present the averag@ accepto ionization enery (E,)
can be estimate from the slope of the plot (=E,/k) in the high-
temperatue region ard is abou 67 meV. The temperatue dependeneof the
hole mobility u, is shown in the inset.

the conductiviy with temperatue is predominantl caused
by the chang in the free-hok concentration.

The GalnNAs films usel here exhibit a pronouncd PPC
effect A typicd exampé of the PRC behavio is illustrated
in inse (a) of Fig. 2, which shows tha the conductiviy at
150 K increase by more than one orde of magnitue after
exposue to light ard the light-enhancd conductiviy persists
for a very long periad of time after light illumination is ter-
minated Figure 2 shows the normalizel PRC decy curves
obtainel at three representatie temperaturesin which the
PRC decy curves hawe been normalizel to unity at t=0 (the
momert the illumination is terminated accordimg to | ppdt)
=[1(t)—=14)/[1(0)—14]. Here 1(0) is definal as the current
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FIG. 2. PRC decy curves obtainel at three representatie temperatures.

Ead curve is normalizel to unity at t=0, the momern the illumination is
terminated The dark currert has been subtractd out The solid curves are
the least-square fitting of PRC decy dat to Eq. (1). The typicd PPC
behavio measurd at 150 K is shown in insé (a). Insé (b) shows the
Arrhenius plot of the PRC decy time constan (In 7ppcvs 1/T), which gives
the hole captue barrie E;=0.57 eV.
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levd immediatey after the termination of the excitation
source I (t) the currert at the decay timet, and |4 the initial

dark currert level. One can see tha the PRC relaxation time
becoms very long belov 175 K. The PRC levd is still about
75% of its initial value after 1000 s of decy at 175 K.

However as the sampé temperatue was increasd to above
320 K, no PRC effed was observed.

The PRC decy behavia in the investigatel temperature
region (50-320 K) is very well describé by a stretched-
exponentié function, which is frequenty usel to describe
the PRC relaxation in a wide clas of Il1-V and I1-VI
semiconductors:** The time-dependemormalizel PRC de-
cay Ippdt) can be written as

where 7 is the characteristic decay time constant gh¢O
<B<1) the decay exponent.

The variation of the decg time constantr with tempera-
ture has bean determine by fitting PRC decy dat with Eq.
(1) and the resuls are shown ininsé (b) of Fig. 2. One of the
noticeabé features observe in inse (b) of Fig. 2 is tha the
Arrheniws plot of the PRC decy time constanm (In 7 vs 1/T)
shows two distind temperatue regions At temperature T
>220K, 7 decreases rapidly with temperature following an
activatel behavior However, 7 is only weakly dependent on
temperatue at T<220K. The decy exponentf increases
linearly with T at T>200K and is also nearly temperature
independenat T<200K. Detailed studies shov tha the
PRC deca kinetics observe her are similar to those of DX
centes in Al,Ga,_,As alloys® 8 and GaN?4

It is widely acceptd tha deep-leve traps (DX or AX
center$, which under@ a large lattice relaxation upan pho-
toexcitation are responsil# for the phenomenno of PRC in
Al Ga _,As.10518 According to this mode| the PRC decay
is causé by the proces of therma activatian of carrieis over
a captue barrig E; in the high-temperatw region ard is
due to electra tunnelirg via multiphona emissia in the
configurationaspae in the low-temperatue region Conse-
quently, two distinctive temperature-dependecaptue char-
acteristic can be observedResuls shown in Fig. 2 indicate
that there is an enery barrig of abou 0.57 eV which pre-
vens free-hok captue by ionized AX-like centers.

Anothe importart featue tha characterize the AX-like
centes is the existene of a Stokes shift, which is the lattice
relaxatian energ associateé with hole captue by an AX cen-
ter. The opticd ionization energy has beaen measurd for DX
centesin AlGaAs materialsin which aStokes shift of about
1.0 eV has bea obtained In this work, we hawe employed
the PRC buildup transiet measuremestto determire the
opticd ionization enery Eg, of AXlike centes in
GalnNAs Figure 3 shows the room-temperat@a PPC
buildup and deca transiens measurd at differert excitation
photan energis hy. When the dark current levels are sub-
tractal out, the PRC buildup transiens can be well described

by
lppd ) =l mal L—&Xp(—t/7)], 2

whete | 5 is the saturatio levd and 7; the buildup charac-
teristic time constant both of which are correlatel with the

opticd cross section Figure 4 shows the relative optical
ights Reserved.
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FIG. 3. PRC buildup and decy transiens measurd at differert excitation
photm energis at 300 K. The daik currert has been subtractd out for each
currert transient.

Cross-sectionrqp (% max/ 76, With ¢ being the relative pho-
ton flux at differert excitation energiey as a function of hwv.
Eopt Can be obtainel by fitting the relative opticd cross sec-
tion to*®

oopt (hv—Egp ™ (hv)3. ©)

The least-squarefitting resut to the data (solid lines) in Fig.
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FIG. 4. Relative opticd absorptim cross sectilm of AX-like centes as a
function of illumination photan energy The solid line is the least-squares
fitting of dat with Eq. (3), giving E,,; of abou 0.70 eV. The insd is a
schemat bard diagran drawn in the configuration& coordinatesshowing
the energy parametes which characterie the AX-like centes in GalnNAs.
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4 yields E,=0.70€eV. This gives a Stokes shift of about
0.64 eV (= Egiokes™ Eopr— Ea)- Sudh alarge energy which is
one of the comma features of lattice relaxation associated
with impurities provides an additiona evidene that AX-like
centes are the primaly caug of PRC in GalnNAs Residual
carba acceptos may be acandida¢ for the AX-like centers,
but our resuls canna provide insight regardimg this or the
numbe of holes releasd by the AX-like centes unde illu-
mination However base on thes results the bard structure
in the configuration& coordinateswhich illustrates the en-
ergy parametes of the AX-like centers can be constructed
ard is schematicail shown as an inse of Fig. 4.

In summary a PRC effed has been observe and studied
in GalnNAs materials The decy of PRC is found to follow
a stretched-exponentidunction It is believel tha the AX-
like centes are predominantf responsibké for the PRC effect
in GalnNAs The enery parametes which characterie the
AX-like centes hawe been measuredwhile their origin re-
mairs to be investigated.
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