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We have investigated in-plane photovoltadBV) and photoluminescenc@L) in sequentially
grown Gg glng ;As/GaAs and Ggglng sNg 0167ASg 085/ GaAs quantum wells. Temperature, excitation
intensity, spectral and time dependent study of the IPV, arising from Fermi level fluctuations along
the layers of the double quantum well structure, gives valuable information about the nonradiative
centers and hence about the optical quality of the GalnNAs quantum well. It also provides
information about the radiative transition energies in all the layers. In order to obtain either the trap
activation energies and the detrapping rates of photogenerated carriers in the GalnNAs the IPV
results are analyzed in terms of a theoretical model based on random doping fluctuations in
nominally undoped multilayer structures. The PL results are analyzed in terms of the band
anticrossing model to obtain the electron effective mass from the coupling para@gier

© 2003 American Institute of Physic§DOI: 10.1063/1.1541104

I. INTRODUCTION lasers’ This is because they allow the use of lattice matched,
high refractive index contrast GaAs/AlAs distributed Bragg
The quaternary alloys G, _,N,As; _, (dilute nitrides reflectors.

promise to be ideal material systems for applications in light ~ The difficulty of incorporating nitrogen into GalnAs
emitting diodes, laser diodes, semiconductor optical amplifiwhile maintaining good optical quality has provoked much
ers, switches, photodetectors, and wavelength convertel4ork to establish an understanding of the underlying factors
operating in the 1.3—-1.55%m spectral range of optical determining the optical quality of GalnNAs, such as compo-
communication systems. The introduction of a small amoungition, growth, and annealing conditi_oi‘]§tandard experi-

of nitrogen (typically less than 5%in GalnAs for band mental techniques, such as photoluminescéRte spectros-

gap reduction was first proposed by Kondoet all copy, surface photovoltage spectroscq®PS, deep level

Since then, it has been shown that laser diodes based (‘grnanSIent spectroscopy and spectral photocondutﬂl\?ﬂ)are

. commonly employed to investigate the presence of spatial
reduced-strqln qml*XNYASl*V,/G_aAS guantum - wells and compositional nonuniformities, potential fluctuations,
have vastly improved characteristics and better temperaturg,  yadiative and nonradiative centers. In this work we used
stability compared to InGaAsP/InP based t_:lev?cés. an experimental technique, the in-plane photovoltdgy)
GaIn,_NyAs, _,/GaAs structures are also attractive for ap-together with orthodox PL techniques to investigate the op-
plications in vertical-cavity surface-emitting laséngsonant  tical properties of as grown Gla; _,N,As; _,/GaAs single
cavity enhanced photodetectSrsnd distributed feedback quantum wellfSQWS and compared the results with those
obtained from a sequentially grown GalnAs/GaAs SQW.

dAuthor to whom correspondence should be addressed; electronic mail: When ap—n junction is i”uminated_With light of appro-
balkan@essex.ac.uk priate wavelength a photovoltag8P3S is created between

0021-8979/2003/93(5)/2440/9/$20.00 2440 © 2003 American Institute of Physics
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the p and then contacts by the spatial separation of photo-potential barrier randomly distributed within the material.
generated carriers and then their subsequent movement to tliese junctions produce photovoltages unrelated to contacts
top and the bottom sides of the device under the influence afr to macroscopic impurity gradients when the sample is
the surface electric field. The SPS is therefore the open cifluminated. These random fluctuations are originated by the
cuit voltage across the junction, measured capacitively, pepresence of material nonuniformity inside the specimen.
pendicular to the layerd However, the IPV is also predicted Sources of these nonuniformities can be doping fluctuations,
to occur in highly compensated material as a result of ranas well as fluctuations on the layer widths or on the
dom potential fluctuation¥’ In the IPV technique two con- composition:> When the photogenerated minority carrier
tacts are diffused through the layers of a multilayer structureoncentration is small simple expressions can be deduced for
(single or multiple QWs or a high electron mobility transistor the photovoltage developing at a specifiei or p—i junc-
structur@. The open circuit IPV, which is recorded longitu- tion by using standard theof.
dinally between the two contacts, carriers the same spectral
information as the absorption coefficient of the individual
Iayer;. The theory_of the IPV was developed and the firsk_ IPV in equilibrium in the absence of trapping
experimental studies were reported on undoped GaAs/
GaAlAs quantum well structures in the early. The results  If the junction is illuminated by photons with energies
were explained in terms of effectiye-i andn—i junctions hy> E,, excess electron—hole pairs are created within a dif-
randomly distributed along the layers' fusion length on both sides of the-n junction. The number
There has been only one reported study of spectral phdf electrons and holes created per second are proportional to
tovoltage in GalnNAs using the SPS technidtiblo workto  LeG and LG, respectively. G is the generation rate
date has been reported concerning IPV in GalnNAs or othefcm >s ™), andL, andL, are the diffusion length for elec-
dilute nitrides. The aim of the current work is to investigatetrons and holes, respectively. Thus, the total photogenerated
IPV in as grown Gggng NyAs; _,/GaAs SQW as a func- current densityd,,, due to the diffusion of these carriers

—eG(L,+Ly)

tion of photon energy, lattice temperature, modulation fre-2cross the junction, is given by
quency, and excitation intensity. The IPV rgsults, coupled Jon=eG(Ly+Lo). 1)
with the PL measurements, are used to obtain the trap ener-
gies and detrapping time constants of photogenerated Carrie}—gerefore, the total current density for the illuminated diode
in the GalnNAs, the parameters concerning the interactiofs equal to
strength between the localized nitrogen states and the host Ly Le eV,
matrix state(GalnA9, and the electron effective mass in J=e(—pno+—npo) ex;{ ﬁ) -1
Th Te B
GalnNAs.
The article is organized as follows. In Sec. Il the theory
of in-plane photovoltage based on random doping fluctuaYsi P€ing the built-in potential, and, and 7, the mean life
tions in the two-dimensionaRD) semiconductor material is Of €xcess electron—hole pairs in tieand in thep side,
revisited and the trapping dynamics are incorporated into th&eSpectively. Finallypyo is the hole concentration in the
theoretical model. In Sec. Il experimental results concerning-tyPe material, andy is the electron concentration in tpe
the IPV and PL measurements are presented and discussedYRe- The negative sign in the second term arises because the
terms of the BAC and random doping fluctuations. photogenerated curretfrom n side top side) is opposed to
the main diode currerifrom p side ton side. For the open-
circuited diode,J=0, the in-plane photovoltage developed at
Il. THEORY a temperaturd is given by
In order to explain our results concerning the spectral, kgT Jpn+an
transient and temperature dependent IPV we start with a the- IPV=—_~In| 5———5—
oretical model proposed by Ridlé§.Here we modify the Pno ~ "o
model to take into account the effect of differential trappingwherern andJnp are the hole and electron diffusion current
of excess carriers on the temperature and the illuminatiogensities under illumination, anﬁpno andJ, , are the hole
intensity dependence of the equilibrium IPV. In our calcula-5q electron diffusion current densities in F(Jjark in theand

tions we also include the effect of trapping dynamics on thep—type region, respectively. Since E€@) is a standard ex-

IPV transients. The model was originally developed for an assion for a@—n homojunction, it can be easily adopted to
GaAs/AlGaAs QW system and accounts for the effect onn n—i and/orp—i junction.

random doping ﬂuctuations on .the Fermi level !n a funda- By considering an—i type junction 0, <J, ), the
mental volume whose dimensions are determined by th . no PO
. . %hotovoltage is given by
screening length. In the absence of fluctuations, the mean
position of the Fermi level is entirely determined by the av- kT Jpn+an
erage concentration of donor and acceptor impurities. When |PV= ?In 3.
the effect of fluctuations is strong, the material is effectively "
converted into a two-component system which is composeth the intrinsic region, we can write the current densities in
of intrinsicn and intrinsicp type regions. This effect gives terms of the electron density in darknesg, and the equi-
rise ton—i and/orp—i junctions associated with an effective librium excess electron density under illuminatidm, as

: ()

4

pO
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=Ap. Furthermore the light intensity is assumed to be low
3 = _— (5) er_lough to justifyAng<<n, so that the excess carrier lifetime
Mo PO PO 7is constant.

According to Eq.(10) the in-plane photovoltage carriers
the same spectral information as the absorption coefficient
a(\) and varies linearly with the photon intensity. For large
. (6)  values of excess carrier densities at high excitation intensities

the variation ofAny with | will depend on the recombination
For then—i junction it can be assumed tha >J, in the law. In the case of radiative recombination at very high ex-
linear region, so that o "n citation intensities 4n, Ap>nyq, ppo, for examplg, it re-
’ sults thatAngoc 1.

Nye+An An

By substituting this expression into E@) we obtain

An0 Jpn
1+ —+
Npo  Jn

keT
IPV=——In
e

po

kgT An kgT An For ap—i barrier an expression similar to EQLO) is
IPV= % '”( 1+ n_o) ~ % n_o_ () also obtained
po po
The electron density on either side of the barrier is given by |py/= _ kB_T C_lex% i) (12)
ECE\] Ppo kgT/"’
N,o=Nc exp _<%) wherepp i_s the hole density in the side _of the barrier.
L B According to Egs(10) and (12) at a fixed temperature
and the IPV measured as a function of the incident photon energy
(spectral IPVY should provide information about the intersub-
Ec— EFp ] band and impurity transitions. Furthermore at a fixed illumi-
Npo=Nc exp _(kB—T) : (8 nation intensity, a plot of the logarithm of (IPV) against

1/T should give a straight line with a slopi/kg . In reality,
whereN¢ is the density of state in the conduction band andhowever, because of the randomness of the doping fluctua-
E( is the conduction band enerdye andEF'D are the Fermi  tions the¢ value can take any random value betwekp,,

energies in then-type and intrinsic regions, respectively. and¢y,. Therefore, the log(IPVI) versus 1T plot will not
Therefore be a straight line with a single slope but a curve with a

temperature dependent slope.
Npo=Npo XA —| ———1 |.
po n0 kBT

Substituting fom,, in Eq. (7), the photovoltage developed at

9

B. Transient IPV in the absence of trapping

the barrier is given by If the illumination is turned off after the steady state
KT A condition is established at=0, the equilibrium excess elec-
py— B 2No ¢ tron density will decay as
Nno kgT
t
ksT 7a(N)l ¢\ kgT cl o An=Anoexp( - ;)- (13
= TeXp —=|=— —exp —/,
enno hV kBT e nno kBT . . )
10 Therefore the time dependent IPV signal will be
1
t
where¢= E,:n— E,:p and (IPV)transient:[IPV]eX% - ;) ) (14)
~ na(M)l _ . where[IPV] corresponds to the equilibrium condition as in
Anp= hy Ano=cl (c is a constant  (11) Eqg. (10). According to Eq.(14) the decay of the IPV can be

o used to obtain the excess carrier lifetinecombination time
where 7, a\), |, hv, and 7 are the quantum efficiency, constark 7. If the illumination is switched on at=0 and
wavelength dependent absorption coefficient, intensity of th@e|q constant front=0 to t=t, and switched off at=t,
incident photons, photon energy, and the excess carrier lifgsefore the steady state is achieved tfien

time, respectively.
In the derivation of the expressions above, it is assumed 1—exd — 1
that the sample thicknesksatisfies the following conditions: T
d>\, therefore the inference effects due to inner reflections (15
are negligible; and the sample is thin enough so that the  Ap—an, 1—ex;{ _;) ex;{— (t—to)} (t=ty),

excess carriers are generated uniformly throughout the T
and the time dependent IPV signal is

sample @d<<1).
1—exp< — ET) exp{ — (t_tO)}(tzto).

An=An, (O=t=typ),

Also, the surface recombination is neglected and the
number of traps is assumed to be negligible or there is n IPV) gansinc [IPV]
differential trapping of electrons and holes, therefore exces transient T
electron and hole densities at any given time are eqhal: (16)
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C. IPV in equilibrium in the presence of trapping ks TApo ;{Eﬂd_ &

KaT ) for hole trapping. (23

The theoretical model above assumes that the trap den- AenyTy
sity is negligible. However, if the material contains safe trap
in which differential trapping of either only electrons or only
holes occurs in contrast to recombination traps where bot
excess electrons and holes are captured to recombine, thﬂ‘g
Egs. (10—(16) have to be modified to include the trap P
dynamics.

Following the notation in Ref. 16 we consider hole trap-
ping first. The rate of change of excess hole denAipyis

STherefore a plot of log(IPVT) versus 1/kgT) should give a
traight line with a slope B, + ¢). For deep traps when
> ¢ the slope will be equal to the trap emission energy.
wever, if there is more than one hole trap level present
V will have a more complicated temperature dependence
than that predicted by E¢23).

We can obtain the in-plane photovoltage in EtR) for
the case of electron trapping using similar equations to Egs.

given by (17-(22
98 _n_ap_2ap ANs (17) py__ keTAno  [Eeté| ,
dt T T T = Remor O T or electron trapping.
whereR, 7, 71, 7o, andANg are excess carrier generation (24)

rate[R=(na(N)l/hv)], excess carrier lifetime in the ab- Here r; andE,, are the electron trapping time constants and
sence of trapping, average lifetime of a hole before it isemission energy of the electron trap, respectively.

captured by a trap, mean time a hole spends in a safe trap |f poth electron and hole traps are present, the relative
before being re-excited to the valance band, and the exceg@lues ofE,, andE, will determine whether Eq23) or (24)

hole concentration in the safe traps. dominates the slope of the log(IPW versus 1/kgT) within
The rate of change of the holes in the safe trap is givery certain temperature range.
by
dANg Ap AN
dt T Ty (18 b Transient IPV in the presence of traps

In the case of hole trapping when> r; and 7> 7, if

In equilibrium this leads to . o
the illumination is turned off after the steady state has been

BE established, according to Eq4.8)—(20), the hole concentra-
ANso= . Apo. 19 tion wil drop rapidly with the fast recombination time con-
stantr
Using Egs.(17) and(19) we obtain the hole density
dAp Ap
ApozRT. _dt :_T

The equilibrium hole density p, is not affected by trapping 5,4
as expected. From the space charge neutrdlity=Ap
+ANq so that in equilibrium we have from Eq19) the Ap AN

excess electron density as a functionrefand 7, T T (29
Ty After this fast initial drop, we have from E{198)
AI’IO:ApO 1+ —]|. (20)
T dANs AN ”
For 75> 1, the traps will increase the density of equilibrium at (26)
g«:ess electrons substantially a~d can be approximated and thenAN = AN, expt/7) decreases with time constant
To.
™ From Eq.(21) when 7,> 1, the density of excess elec-
Ang~Apg ™ ~AN;. (21)  trons is

According to Eqs(10) and(21) the increase in the equilib- An~ANs. @7)
rium electron density will cause a considerable IPV toTherefore using Eq€26) and(27) in Eq. (10) we obtain
develop.

We now wish to relate IPV to the detrapping rate ( PV).. . =[PV exp( _ L) 28
=1, 1), which is given by Kreméf as (IPV) ansien=[ 1PV] )’ (28

—Eq where [IPV] is the equilibrium IPV in Eq.(23) for hole
v2=Aex;{ T ) (22 trapping, or that in Eq(24) for electron trapping. The result
B in Eqg. (28) indicates that after the initial decay associated
whereEy, is the energy difference between the hole trap andvith the fast recombination time constant, the IPV transients
the valence bandrap emission energyandA is a constant. can be used to obtain the detrapping time constant
If we substitute Eqs(21) and(22) into Eq.(10) we get  (see Fig. 1
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1, 10 T T T T
Ec Jipo—»> o 9\‘.
~8r 7]
3 L
N2
26l .
173
g
j £ 4 [ ]
® +— Jpmo b " 2
FIG. 1. Schematic diagram of@-n junction (a) in darkness an¢b) under 2 7]
illumination. Vi, is the built-in voltage in darknes¥,,; is the one when the - 1
sample is illuminated. The other symbols are explained. 0 [ L PR NN S . s ]
800 900 1000 1100 1200 1300
Wavelength (nm)
FIG. 3. Photoluminescence spectrum takefiat K. The intensity scale is
I1l. EXPERIMENTAL RESULTS AND DISCUSSION magnified byx80 above 1000 nm.

The sample used in this work was grown on a semi-
@nsulating(lOO) GaAs substrate by molegular bea_m_w epitaxy 5 Photoluminescence
in a RIBER 2300 chamber. Ultrahigh-purity, Nvas injected
through a rf nitrogen radical beam sour@@xford Applied In order to determine the effective band gaps of the
Research HD25Roperated at 13.56 MHz to generate active GalnNAs and GalnAs QWs we carried out PL measurements
N species. The sample, code numbered E#752bl, has & temperatures betwedn=2 and 300 K. The 647 nm line
double QW(DQW) structure. The first well is Galny,As  Of @ cw krypton ion laser was used as the excitation source.
and the second Galng NyAs; _,, each 90 A wide as shown The beam was cr_lopped and focused onto the sample defining
in Fig. 2. The substrate temperature was 480 °C during th@ Spot size of diameter-0.25 mm. A boxcar averager in
growth of both QWSs and the growth rate was Quén/h.  conjunction with a 1/3 m monochromator and a cooled
GaAs layers were grown at 600 °C with a growth rate of 0.7Hamamatsu InP/GalnAs near infrared photomultiplier were
um/h. N, flow rate was 0.01 sccm and rf power was 200 W.used to disperse and detect the luminescence.
The N content was determined by secondary ion mass spec- A typical PL spectrum takent& K is shown in Fig. 3.
trometry analysis of bulk GaNAs that was grown in the samel' he intensity scale is split at 1000 nm so that both peaks are
conditions as the QW. The |ayers were ana|yzed using-a Cs visible on the same axis. The addition of nitrogen reduces the
primary ion beam and positive secondary ions configuratiofPL intensity and shifts the peak wavelength to longer wave-
in order to minimize the matrix effects. From this calibration, lengths, in common with other observations in the literature.
we estimate the nitrogen content in the allgyN)=1.5%  PL efficiency is often improved by rapid thermal annealing.
+0.2%. However, in this study both the PL and the IPV are reported
The sample was fabricated in the form of simple bar.in as grown samples only.
Ohmic contacts were formed by diffusing Au/AuGe/Ni/Au  Figure 4 shows the temperature dependence of the PL
for 120 s at an anneal temperatureTof 420 °C. An area of ~Peak wavelength for GalnAs and GalnNAs. At low tempera-
1 mn? between the contacts was available for the top illu-tures, the GalnAs peak has very weak temperature depen-

mination of the sample in the photovoltage measurements.dence. AtT>40 K, however, the peak wavelength increases,
initially, nonlinearly but becomes more linear at high tem-

peratures. The behavior of the GalnNAs peak at low tem-

hv ‘ 1240 1000
1230 . 1990
1220 ]
£ R
GaAs cap layer £ 12100 * . {970 %
GalnNAs 9nm QW g 1200 AN
§ . 1™ £
GaAs 50nm spacer Z 190 . . E
L] A 4
g 1180 ot 950 2
GalnAs 9nm QW 5 1170 ‘..“......: - . ot {s40 §
LJ a*
GaAs buffer and substrate 1160} ot - 1930
1150 B2t ‘ ' 920
IPV 0 100 200 300
Temperature (K)

FIG. 2. Schematic diagram of the sample structure. Top incident light and~IG. 4. Temperature dependence(9fGalnAs and() GalnNAs PL peak
external electrical circuit are also shown. wavelengths.
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peratures T<30 K) is similar to GalnAs where no measur- 70

able change in the peak wavelength is observed. Unlike the

GalnAs PL, however, the peak wavelength of the GalnNAs

PL decreases with increasing temperature betwEer80 50

and 70 K, instead of increasing as would be expected from ~

band gap shrinkage. The net decrease in the peak wavelengtg

is around 12 nm corresponding to an increase in energy of; 30

12 meV. Anomalous temperature dependence of PL energy

similar to our observation has been reported in GalnNAs 20

and in ternary nitrides, and referred to as ‘S-shape’ 44

dependenc®-?° |t is often explained in terms of exciton

localization at potential fluctuations induced by the presence 0

of nitrogen, which may arise as a result of well width and

composition fluctuations or straifi.Their existence is fur-

ther supported by our observation of large photovoltages de~IG. 5. IPV spectrum at room temperature. The inset shows the 1.0-1.2 eV

veloping in the plane of the layers as discussed below. As Egion with a higher resolution.

result of the randomness of such variations the values re-

gsgetﬂ;nt;: literature for the magnm_Jde of the energy .Shl.f;qompares well with the results reported by Retrall? for
perature range where this occurs varies signi GalnNAs with 30% indium concentration and 1% nitrogen

cantly. If the observed shift of 12 meV in our sample is gen.

solely due to well width fluctuations it corresponds to a well-

width variation ofAL,=3—-4 monolayers. B. Spectral IPV

The electron effective massn) in dilute nitrides and Spectral IPV measurements were carried out using a
its dependence upon composition has been investigated expsed-cycle refrigerator at temperatures betwEer27 and
perimentally and theoretically by a number of groups. Most300 K, and in the spectral range betweer 0.8 and 1.55
theoretical'**and experimental-**~**results agree that the ,m. The broadband emission from a quartz halogen lamp
incorporation of nitrogen into GaAs or GalnAs increasgs  was used as the excitation source. It was dispersed with a 1/2
greatly. However, there is very little agreement between then monochromator and chopped with a mechanical chopper
values quoted in the literature by different groups. Most exefining a repetition time of 0.8 s and a pulse width of 20 ms.
perimental values o} have been obtained using indirect Figure 5 shows a typical IPV spectrum, takerTat 300 K.
methods such as through the analysis of the carrier confinerhe spectrum is normalized with respect to the spectral out-
ment energie$?**?° Such measurements rely upon certainpyt of the halogen lamp. The inset of Fig. 5 shows the IPV
assumptions and approximations. In addition the possibilitgspectrum in the 1.0—1.2m wavelength range with a higher

Loveadoorobonnnbornnloss

*

_ *
Mg = M(Gainag| 1+

: (29

of unintentional doping of material, which will effect the resolution. The high energy peakstat=1.41 and 1.39 eV

value of mg ,?2is often overlooked. Direct measurements of gre due to band-to-band are-A (carbon transitions in

m¢ using cyclotron resonance has been limited to GaNAszaAs, respectively. IPV measurements give a clear indica-

with very low nitrogen concentratioft. As far as we are tion of the optical quality of the specimen. In a perfect ma-

aware no direct measurementsnaf in GalnNAs have been terial with no doping or potential fluctuations, the IPV is not

reported. In this work we used the band anticrossing modeéxpected to develop along the layers of the device. The high

to estimatem in our material given b¥ intensity IPV observed in the spectral region corresponding

to the GaAs transitions indicates the presence of large poten-
Vun )2 tial fluctuations in this layer. Subsequent transmission elec-
En—E tron microscope(TEM) study on the same specimen is
shown in Fig. 6, confirming the presence of a large number

whereE is the electron energy relative to the valence bandf dislocations and nonuniform impurities in the GaAs cap-

edge,Msanas) iS the electron effective mass in the N free ping layer in accord with the spectral IPV results.

alloy (m* (Ga/lIn;_,As)=0.026+0.04X),%’ Ey is the local-

ized nitrogen state enerdyelative to the top of the valence

band andV,, is the matrix element describing the interac-

tion between the two statesV/{;y=Cnm Y, 22 whereCyy, is

a constant ang is the nitrogen fraction

We have determined the values ©Gf, from the tem- :

perature dependence of the GalnNAs peak wavelength asjs

described by us elsewhéftdn these calculations we took

Cyv=3.17 for 20% indium andey=1.57 for the same

sample as the one used in the current work. In the calcula-

tions we took into account the effects of both nitrogen and

indium fraction. Using these values fay,, Cyy, andy we

get an electron effective massmf =0.0782n,. This value FIG. 6. The bright and dark field TEM images of the sample.
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The photovoltage due to GalnAs QW excitations is in L e S A L AL R B AN
the spectral range betwebémw=1.26 and 1.35 eV, where the X N
low energy peak ahr=1.26 eV \=0.87 um) corresponds a0fF A Tr A & -
to theel—hhl transition and agrees well with the PL peak s | ]
wavelength in Fig. 4. The broad higher energy peaks at 1.32 30 F ]
and 1.35 eV are due to the higher subband transitions in g L
GalnAs. B 20 y E

GalnNAs QW transitions are situated lav<<1.15 eV, E iy ]
with a broadband below 1.24m (1 eV) corresponding to A ]
el—hh1 transitions, which are broadened due to potential 101 E
fluctuations and hence due to the localization of the tall * : . | | : | N
states. Two broad peaks close Xo=1.18um (1.05 eV} 00 ""100 200 300 400 500 600 700
and 1.13um (1.1 eV) are probably associated with the Laser power (mW)

higher energy transitions in the GalnNAs QW. It is worth

noting that the magnitude of the IPV associated withF!G- 7. Dependence of the IPV amplitude on excitation power for steady
the spectral region Corresponding to the GalnNAs Q\Nstate at room temperature. The line is added to guide the eye.
transitions is much smaller than those for both GaAs and

GalnAs QW. This indicates that GalnNAs has a verytation intensities the wave functions of the photogenerated
good optical quality for an unannealed, as grown materialearriers, confined to 2D GalnNAs overlap very strorfgly.
This is also confirmed from the spectral PL measurements ilnother possibility is the band filling when the material be-

Fig. 3 where the GalnNAs emission has only 41 meV fullcomes transparent to the incident radiation at such high ex-
width half maximum. With the nominal parameters of the citation intensitie<®

GalnNAs QW(20% In, 1.5% N, 9 nm thicknegsa theoret-
ical approach gives the following values for the previousp. Temperature dependence of IPV
transitions: e1—-hh1:0.976 eV; el-1h1:1.046 eV; and

e2—hh2:1.088 eV. These last two values are quite close to PV measurements as a function of temperature were
the transition observed in the inset of Fig. 5, with theCarrled out in the steady state between 120 and 320 K, by

using the 1.064um line of a cw Nd:YAG laser. Temperature
dependence of IPV is shown in the inset of Fig. 8. The mea-
surements were made at a fixed laser power of 230 mW. It is
clear that the temperature dependence of the IPV has three
C. Excitation intensity dependence of IPV distinct regions. In the high temperature region between 250
and 320 K the IPV signal increases rapidly with decreasing

IPV measurements as a function of excitation intensity;emperature. In the region between 250 and 200 K the rate of
were also carried out between 120 and 320 K. In the experipcrease of the IPV signal with decreasing temperature is

ments the use of the 1.064m line of a cw Nd:YAG laserthe 1, /ch reduced. In the low temperature regioh<(200 K)
excitation source ensured absorption in the GalnNAs QW .o more the signal increases rapidly.

only. Therefore, the IPV recorded was due to GalnNAs tran- |4 order to analyze temperature dependence of the IPV,

sitions only. The incident beam on the sample was slightly, plotted the logarithm of (IPVI) as a function of ¥ as
defocused so that the laser spot covered the whole exposefloyn, in Fig. 8. It is clear from the figure that in the lower
area of the sample ensuring a uniform illumination. The in-

cident laser power was varied between 20 and 620 mW using
a set of calibrated neutral density filters. The steady state 10 g T — T T TV T T
open circuit voltage/ ¢ between the contacts was measured
using a Keithley177 Microvolt DMM voltmeter. The setup [ dmeV. __— 4
was slightly modified to investigate the IPV in a quasisteady i / o«
state regime, by modulating the laser beam with a mechani-g 1 | 190mev,’ —® 3
cal chopper at different frequencies and recording the signal= [ ‘é‘q"' o0 ]
with a lock-in amplifier set in differential mode. o

Figure 7 shows the excitation intensity dependence ofg - f‘
IPV at room temperature. At low excitation intensities the 0.1 __‘J |
IPV signal increases linearly with the excitation intensity as 3 .,
predicted by Eq.(10) of the theoretical model. When the [ .
power is increased above 100 mW, the signal increases les: [ . L
rapidly and has a square root dependence on intensity (IPV T T
/1) between 100 and 200 mW, as expected from the model 0'0(1,_003 0004  0.005 0006 0007 0008  0.009
for high excess carrier densities. The IPV signal saturates at T (1/K)
eXCItatl.On powers greater than ZOOO.mW' Th.e re.ason for thlIEIG. 8. IPVIT signal as a function of inverse temperature recorded in the
saturation may be due to the dramatic reduction in the exceSgeady state case with the incident laser power of 230 mW. The inset shows
carrier lifetimes. This may occur because at such high excithe three regions composing the temperature dependence of the IPV signal.

el—1h1 transition stronger tha®?—hh2. The same behav-
ior had been reported in the Panal. paper'°

T (mV/K
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1000 T NSRS " ] the figure. It is clear that there are also two distinct regimes
s 4 for the decay time constants. At temperatufes200 K it is
4 T close to 1 ms. In the high temperature regidin=250 K) it
PO is in the 500us range. If we compare the IPV decay time
£} 250 ' . . ] constants with those in the expressions for the trap free case,
2 S | ] 1 i.e., Eq.(13—(16), we see that the measured decay time
k| E \ ] constants of the signals are much longer than the excess car-
= g |\ ] rier lifetimes, which are predicted to dominate the IPV tran-
. Soof \\ ] sients. If we use Eq28), however, we see that the measured
§ ol ] long decay time constants correspond 7 in Eq. (28),
= \M which is the detrapping time of excess carriers apg 7.
%s 3 35 4 45 The traps have two distinct levels with emission energies, 45
100 . Time (msec) . , and 190 meV, and associated detrapping time constants in the
100 150 200 ® 250 300 1.0 and 0.5 ms ranges, respectively.

FIG. 9. Temperature dependence of fall time in transient IPV. In the inset V. CONCLUSIONS

ical exponential decay of IPV recorddd=108 K is shown. . . . .
P P Y We have investigated IPV and PL in sequentially grown

Gayglng As/GaAs and Ggglng No 015ASp 085/ GaAs  quan-
and the higher temperature regions log(IFY/has a ther- tym wells. Temperature, excitation .inltensity, spectr_al and
mally activated behavior as predicted by the theory. At temiime dependent study of the IPV, arising from Fermi level
peraturesT>250 K the activation energy is 190 meV. In the fluctuations along the layers of the DQW structure, have
lower temperature regionT 200 K), however, the activa- P&en shown to give valuable information about the nonradi-
tion energy is 45 meV. In the transition region between 20cRtive centers and hence about the optical quality of the Galn-
and 250 K there is no single activation energy. NAs QW. It also provides information about the radiative

The determination of the activation energies from thelransition energies in all the layers. \We have developed a
temperature dependence of the IPV, by itself, cannot provid@0del to explain the role of traps in the IPV dynamics,
information about whether these are related to the Fermivhere the expressions have been derived for trap emission
level separations in Eq. (10) for the case of IPV in the €nergies and detrapping rates of photogenerated carriers as
absence of trapping, or they representBjer ¢ in Eq. (23) well as the spectral and excitation intensity dependence of
for the case of IPV in the presence of trapping. Howeverthe IPV. We analyzed our experimental results in terms of a
because the Fermi level fluctuations in the nominally untheoretical model to show the presence of two distinct traps
doped material are expected to have a random distributio! GalnNAs. The PL results are analyzed in terms of the
betweend, . and ¢, values corresponding to the largest Pand anticrossing model to obtain the electron effective mass
and the smallest potential barriers in the structure are due $°m the coupllng parameteCyy . We find an electron ef-
the random doping fluctuations. Therefore the log(IPy/ fective mass ofmg =0.0782m,.
versus 1T plot cannot be a straight line with a single slope
but a curve with a temperature dependent slope. This is ufFCKNOWLEDGMENTS
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E. IPV transients

We studied the IPV transients by usingQaswitched, lg"-anniOWvl Kbhugmkﬁgtg'éwiélgﬁéaégni’ S. Watahiki, and Y. Yazawa,
mode locked Nd:YAG laser at 1.064m wavelength as the 2TI.DI\/.Iiyélch))‘t)o., K. }I/'e{léeuchi, T Kageyama,. F. Koyama, and K. Iga, J. Cryst.
excitation source. Light pulses of 100 ps width with 5 Hz Growth 197, 67 (1999.
repetition rate were applied to the sample, which Was3W.. Shan, W. Walukiewicz, J. W. Ager, lll, E. E. Haller, J. F. Geisz, D. J.
mounted on a high-speed inset in a liquid nitrogen cryostat.4':r";d'>‘2?"”'KJ'LMkO'SO”' i”; S, F;hKurtz,dJ.CA\suvpl.TPrES. I”:E(lgfg'
The measurement temperature range was between 108 an§é3}(1'g’99: Kavanagh, 2. Q. zhu, and €. W. Tu, Appl. Phys. L2%
300 K. An open-circuit transient IPV signal was recorded 5A. Wagner, C. Ellmers, F. Hmsdorf, J. Koch, C. Agert, S. Leu, M.
using a 300 MHz bandwidth digitizing oscilloscope. The IPV e?oémﬁggh \)/(V-XSt:;!;, af;i C\jNWV\I/- \XR/:I:}] Agpl- IPE)r/]S-S Lﬁtet;g gi é(ngég
response_ of the s_ample _tO the Iager pulse recorder at 7M. F-Qeinhardt, M Fi%cher, M kampg,]y\].pl-[ljo-fmaﬁr{, and A Forchel, I.EEE
=108 K is shown in the inset of Fig. 9. The temperature ppotonics Technol. Lett.2, 239 (2000.
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