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Diluted Ill-N,—V, _, alloys were successfully synthesized by nitrogen implantation into GaAs, InP,
and ALGa _,As. In all three cases the fundamental band-gap energy for the ion beam synthesized
II-N,—V; _, alloys was found to decrease with increasing N implantation dose in a manner similar
to that observed in epitaxially grown Gais, _, and InNP; _, alloys. In GaNAs, _, the highest
value of x (fraction of “active” substitutional N on As sublatti¢eachieved was 0.006. It was
observed that [\ is thermally unstable at temperatures higher than 850 °C. The highest vatue of
achieved in InNP; _, was higher, 0.012, and thepNvas found to be stable to at least 850 °C. In
addition, the N activation efficiency in implanted Il _, was at least a factor of 2 higher than that

in GaNAs; _, under similar processing conditions. & N,As, , had not been made
previously by epitaxial techniques. N implantation was successful in producy@gAl,N,As;
alloys. Notably, the band gap of these alloys remains direct, even above the valge0.44)
where the band gap of the host material is indirect. 2@01 American Institute of Physics.
[DOI: 10.1063/1.1388860

I. INTRODUCTION Recently, Sharet al'® and Perkinset al!® have used
modulation spectroscopy techniques to observe an additional
feature in the optical spectrum of GalnNAs alloys. The onset
of the new optical transitions has also been confirmed by
; : ) direct measurements of the optical absorption on a free
has generate_d con5|de_rable interest. The first sy?t%m that h@t?inding GalnNAs layé® The appearance of this new ab-
been extensively studied recently was GABL_.~ Re- . sorption edge above the fundamental gap has been attributed
duction of the band gap by more than 100 meV per atomqo an anticrossing interaction between localized N states and
percent of N has been observed in GAR, _ alloys grown 4,5 oy4ended states of the host semiconductor mKtfxin

by pllasnjit—asssted metalorganic chemlca_tl VapOiy;q band-anticrossingBAC) model, the interaction splits
depositiori:™* Comparably large band-gap reductions haVethe conduction band into two subbands. The downward shift

i ! N 8
,ilISGO I\?Zeg Tc;}bsetrved :jn Ga:jnNAE,Gf?rI?lPi IQNP’ an?h ’\?f the lower subband is responsible for the reduction of the
anAs. The strong dependence ot the band gap onthe Ty, yamental band gap and optical transitions from the va-
content has made diluted IlI-V nitrides important ma’[enalsI

to th t for the high-
for a variety of applications, including long wavelength op ence band to the upper subband account for the high-energy

. AT _ - ) “edge. The model has been successfully used to quantitatively
toelegrl(;nlc deviceS™ and high efficiency hybrid solar describe the dependencies of the upper and lower subband

cells: . .
. . nergies on hydrostatic pressure and on N corffent.
Several theoretical studies have addressed the unusual? g Y P

strong dependence of the fundamental gap on the N contea){] In the BAC model, the dispersion relations for the upper
) d lower conduction subbands are given b

in the group IIFN=V alloys!*~1" Band structure calcula- W vetion su given by

tions using either density functional theofpFT) with the E.(K)=YEN+En(k) = V[Ex—Em(k)>+4C2x],

local density approximatiofLDA)® or a combination of (1)
LDA and the empirical pseudopotential methbdave attrib- whereE, is the energy of the N leveEy (k) is the disper-
uted the observed changes in the conduction band structugg,, rejation for the host semiconductor matrix Ayl is

to N-induced interactions between the extended statd§ of {he matrix element describing the coupling between N states

Recently a new class of materials, diluted Ill-V nitrides
(IM=N,—V;_,) formed by adding a small amount of N
(typically less than 5%to the IlI-V semiconductor matrix,

L, and/orX minima. and the extended states. For GAN,_,, the downward
shift of the lower subbané&  can account well for the re-
dElectronic mail: kmyu@Ibl.gov duction of the fundamental band gap using a value of

0021-8979/2001/90(5)/2227/8/$18.00 2227 © 2001 American Institute of Physics
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TABLE I. Detailed information on the N implantation conditions on the various samples.

Implanted N Implantation

Implant (%) temperature  EnerggkeV) Dose(at./cnf) Total dose(at./cnf)
N (single implant 0.8 RT 160 410 6.63x 10%°
77 1.7x 10'°
35 9.3x 10
1.6 RT 160 8<10" 1.326<10'
77 3.4 10"
35 1.86x10'
1.8 RT 120 6.%X10'° 9.5x 10
60 2.4x10'°
35 8.0x 10
2.0 RT 100 7.x10'° 1.03x 106
50 2.5x 10'°
33 8.0x 10"
3.6 RT 120 1.2610' 1.7x 10
60 4.8<10%
35 1.6<10'°
1.6 RT 160 2.4 10 3.98x10'°
77 1.02x 10'6
35 5.58x 10'°
N (co-implany 2.0 350°C 450 1.510' 2.15x 10
255 6.5 10'°
Ga (co-implany 2.0 350 °C 1250 2410 2.4x10'
Al (co-implany 2.0 350°C 450 1.%10% 2.0x 10
330 3% 10°

En=1.65eV above the VB maximum derived from photolu- alloys by N implantatior.In this article we report a detailed
minescence measurements in N-doped GaAad from fit-  optical investigation of Gaphs;_,, InN,P;_,, and
ting the data to obtaiCyy=2.7 eV 182 Al,Ga _ N,As, _, alloy thin films formed by N ion implan-
The band anticrossing model predicts that the incorporatation.
tion of small amounts of N=0.1%) in GaAs leads to a large
distortion of the conduction band structuft&) the formation
of the lower subbandE_ that causes the band-gap energy
reduction and(2) the considerable flattening of the lower Nitrogen ions were implanted int@l) semi-insulating
subband near its minimum leading to a large increase of th&aAs wafers(2) InP wafers, and3) MOCVD-grown 0.3—
electron effective mas$:**?*It has been shown that these 0.5 um thick Al,Ga _,As epitaxial films on GaAs substrates
N-induced modifications in the conduction band structurewith y ranging from 0.27 to 0.61. Multiple N implants with
lead to over an order of magnitude increase in thigpe  energies in the 33-160 keV range were used to create
doping limit in GaAs?*?° It has also been demonstrated re- ~2000—3500 A thick layers with uniform N atomic concen-
cently that the band anticrossing model can explain quantitration. The N dose was varied to obtain diluted nitride layers
tatively the unusual N induced modifications of the conduc-with N concentrations corresponding to N mole fractions of
tion band structures of several other IlIz-AV;_, alloy  Xin,~0.008, 0.016, 0.018, 0.02, 0.036, and 0.048. All im-
system§24~?"as well as some I1-VI alloys with some of the plantations were carried out using a beam current-6f2—
anions replaced by small amounts of more electronegativ.5 uwA/cm?. Further details of the implantation are given in
elementg® Table I. For the GaN coimplanted GaAs samples a 3000 A
At present, growth of IlI-N-V, _, alloys is considered thick SiO, layer was deposited on the GaAs substrate before
challenging; bulk material has not been reported and mosmplantation. Rapid thermal anneali(§TA) was performed
studies use epitaxial techniques such as gas-source molecutar the implanted samples in a flowing, Mmbient in the
beam epitaxyMBE) or metalorganic chemical vapor depo- temperature range of 560-950°C for 5-120 s with the
sition (MOCVD) to grow thin films. In this context, because sample surface protected by either a blank GaAs or InP wa-
only a small amount of N<1%) can lead to a large reduc- fer.
tion in the energy band gap of IlIsNV;_, materials, ion It is important to recognize that only a fraction of the
implantation is an attractive and feasible alternative approachmplanted N will become “active” by occupying column V
to synthesize these alloys. Indeed, we have reported prelimsublattice sites after annealing. These “active” N atoms will
nary success in forming GaNs, , and AlGa, _ N,As; be referred to as N in the group V sublatticg:N.g., Ny for

Il. EXPERIMENTAL DETAILS
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FIG. 1. PR spectrum fra a N inplanted A|Ga _,As (y=0.27) thin film Energy (eV)
(Ximp=0.018) after RTA at 800 °C for 10(®pen circles The solid line is a
fit to the data according to E@2). The two critical transition&_ andE ., FIG. 2. A series of PR spectra from N implanted GaAs with implanted N
obtained from fit are also indicated in the figure. doses of 1.8%, 2.0%, and 3.6% after 10 s RTA at 800 °C. The inset shows
the mole fraction of N incorporated in the As sublattice calculated from the
band-gap reduction as observed by the PR measurements usi(f.Eq.

GaAs and N for InP. The mole fraction of substitutional N lll. RESULTS AND DISCUSSION
in the group V sublattice will be referred to ag (i.e., A GaN,As;_,
XactSXimp)» SO thatx,.=2[Ny]/n,, where[N,] is the con-

ti fNinth V sublatti is th i ; . :
centration of N in the group V sublattice ang is the atomic GaAs and a series of N-implanted GaAs samples wijh

density of the matrix semiconductor. The activation effi- N
ciency is then defined as the ratio of substitutional N in the~0‘018’ 0.02, and 0.036 after RTA at 800°C for 10 s. The

group V sublattice and the total implanted R/ Ximp - FRt spectre|1 tSth\thtr:n fF'g('j 2 ex?'tl)'é wzll—res?lved.t:.spectrTarI]
Photomodulated reflectandPR) was used to measure catures refated to the fundamental band-gap transitions. 1he

the band-gap energy of the samples at room tem eratur<§.i.(~:]niﬁc"’mt broaden.ing of th_e featurefs in the. implanted
gap 9y P b samples can be attributed mainly to the implantation damage.

Quasi-monochromatic light from a halogen tungsten lam . ; .
dispersed by a 0.5 m monochromator was focused on tﬁélotlce that alloy fluctuation also broadens the transitions.

However, PR measurements on MOCVD grown Gas
samples as a probe beam. A chopped HeCd laser hgam . . X
=4420 A) provided the modulation. PR signals were de_laye\z/r)sﬂsrgwe(lj otnhly :;ma(l}: line br(;lad?_z;wéj .50(0'01 (<3'(t)h
tected by a Ge or Si photodiode using a phase-sensitiv EV). earty, the band-gap reducti Increases wi

lock-in amplification system. The values of the band gap an plantation dose in a way analogous to the reduction of the

the linewidth broadening parametErwere determined by unda_men'\tlal baPc:%??_?_henergy .'8.|?@{t?]1‘txtﬁ"°gs V(\j”th n-
fitting the PR data to the Aspnes third-derivative functional€r€asing ™ contert. € possibiiity that the band-gap re-

Figure 2 shows the PR spectra from an unimplanted

form-2° duction might be caused by lattice damage created by the
' implantation was previously investigate®R measurements
AR on a 200 keV Ga-implanted sample with the total dose of
) 5 . . oy
== RECEYE—EcptiT) ", ) 1x 1@ /cm? showed no not[ceable shlft of the PR transmpn
energies. As expected, the implantation produced a consider-

able broadening of the PR features as compared to that of the
whereE is the energy of the probe beaifgp is the critical ~ unimplanted GaAs sample. These observations show that,
point energy[" is a broadening parameter, aBdand 6 cor-  although the lattice damage broadens the spectral features
respond to the amplitude and phase factors, respectively. Fassociated with interband transitions, the band-gap reduction
three-dimensional critical point transition, is taken to be in the N implanted GaAs samples is a direct result of the
2.5. Figure 1 shows the PR spectrgopen circlesfroma N  formation of GaNAs; _, alloy layers.
implanted A} Ga, _yAs (y=0.27) thin film (x;,,,=0.018) af- The mole fraction of “active” N,X, in the ion beam
ter RTA at 800°C for 10 s. The solid line in Fig. 1 is a synthesized Gap\s; , layers was derived from the ob-
least-squares fit to the data according to E2). The two  servedAE values by using the band anticrossing mdd.
critical transition energieE_ andE, obtained from the fit (1)], which has been shown to explain very well the depen-
are also indicated in the figure. dence of the fundamental band gap on the N content in epi-
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FIG. 3. The band-gap reductidulosed circles and the line-shape broad-
ening (open circleg from the PR spectra from N implanted GaAs samples
with X,,=~0.02 as a function of 10 s RTA temperature. r b
945°C 10s
. . _n PR NS S TS [N S SV (NSNS TSN NN S S T A ST S ST SNV AATS Y 1
taxially grown GaNAs alloys. The results are shown in the 1.0 11 12 13 14 15 16 17 138
inset of Fig. 2. An activation efficiency of about 10%—15% Energy (eV)

has been aChi?Ved fm}mp< 0_'036' The h.igheSXact% Oj004 FIG. 4. A series of PR spectra from GaAs samples implanted with N only
has been achieved by N implanting in GaAs with,,  and GarN together after RTA for 10 s in the temperature range of 800—
~0.036. 950 °C. For N only implantation, only the PR spectrum from the sample
The thermal stability of the \, was also investigated. RTA after 800 °C is shown for comparison.

Figure 3 shows the band gap reductid& from a series of

gT'lar\nptlabnt?d Ga?;;an:jp;so y£2m3~0'02 subjec{‘rt]eth;JA Figure 4 shows a series of PR spectra from GaAs
i a te ween an . ”' becregggigsl f ; Isamples implanted with N only and & coimplanted to-
emperalure increases, especially above - I fact, Or]aether withx;,,~0.02. For samples after RTA under identi-
a negligible band-gap reductiohE (~10 me\) was ob-

d wh the RTA t i ised t b cal conditions we observed a more than a factor of 2 en-
served when he emperature was raised 10 abovV,,cement in the activation efficiency when Ga atoms were

870 °C, indicating that less than 0.1% of N remained SUbSti'coimplanted with N in GaAs. This is apparently due to the

tutional in the As sublattice. Secondary-ion-mass SPECIrOz aation of a locally nonstoichiometriGa-rich region with

Scopy measurements showed that the N d'donOt diffuse out of high concentration of As vacancies available for N substi-
the |mpl_ant_ed region even after_ RTA at 900 _C for_20 S Thetution. After RTA at 800 °C for 10 s, with Ga coimplantation,
results indicate that the substitutional configuration of the, ~0.0065 has been achievésee inset, Fig. 2 More-
N, is thermally unstable. This might be due to the reIativerove;’:CFig_ 4 also shows that the,Nin the Gal,\lAsl . layers
stronger Ga—N bon¢b.81 eV in comparison to th? Ga-As formed by Ga and N coimplantation in GaAs are thermally
bond(5.55 eV} in the Ga—N—Assystem. Therefore it may be more stable. No )\, can be detected after RTA at 950 °C for

energetically favorable for the N atoms to “deactivate” by 10 s for GaAs samples implanted with N alone. When Ga
forménugr ?eignill:f;ﬁr:m?:;:gg 2Ir¢larlc(:zlr?grr.1icroscopy inVesﬁg(’j‘coimplantation was carried out in the same sample, a band-
. . ) gap reduction of-70 meV corresponding to ~0.003
tion revealed that in the N |_mplanted GaAs sample after RTAgvaF; measured. However, suchp coimglant::ihgtn created a
a_t 950°C a very high den_sny of sma_ll v0|ds_, with an aVeragenighly defective GajAs; _, layer due to the heavy mass of
size of about 2 to 3 nm is present in the implanted Idyer. the Ga ions, as is evident in the relatively large valuek of
Such void-like defects are not observed in samples implante@e PR spe;:tra from the Ga\ coimplanted samples shown
with SI and are preﬁenthonly n Ic\jl |mplant|ed zampll\les. -(Ij—h'sln the figure. Therefore the Ga coimplantation method is not
lstkrtalngfy sugdgests :] at these volas ?r?\l r(;atg to aT_ Atitable for fabricating high quality GgMs, _, layers. Simi-
Ilaey orme} h y e.senge%athE)r; 0 uring ar]:neahlng.lar enhancement in the N substitution on the As sublattice
I reslgelnci'o tF eseffyqltder . tl;1 e} maylaccount orthe \yas also observed when Al atoms were coimplanted with N
ow IV activation efliciency h fese samples. - in GaAs with much less lattice damaggue to the relatively
We have also attempted to increase the activation eﬁ'ﬁghter mass of Al compared to GaHowever, since AlGaAs

c:eni:yt_ln tTe N |mplllz|in$a d G"?IAS ;an:ples b;_/ Gla I?nt_co'mf'alloys with larger band gap resulted from the Al implanta-
plan a.|on.| N many _G ;em(;con uctors, cowr?plan &} lono tion, no significant net increase XE was achieved with the
a matrix elemente.g., Ga in GaAkto restore the local sto- Al+N coimplantation.

ichiometry has been used successfully to enhance incorpora-
tion of electrically active dopants on the opposite lattice
sites®>% In the present study, equal amounts of Al or Ga
ions were coimplanted with N in GaAs in such a way that  The optical transitions from Inj¥?; _, formed by N im-

their atomic profiles overlapped. plantation with increasing N dose in InP after RTA at 800 °C

B. INNP;_,
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FIG. 7. The band-gap reductidelosed circles and the line-shape broad-
ening (open circles from the PR spectra from the IpR,_, alloys as a

L 4.8°/X ] function of RTA temperature.

. ‘ . anticrossing mod€dlEg. (1)] using the known band structure
08 08 10 11 12 13 14 15 parameters of the InP matrig,,=1.35eV. The energy of
Energy (eV) the highly localized nitrogen levély=2.0 eV relative to the
FIG. 5. The PR spectra from N implanted InP with,,~0.008, 0.016, and valence band edge in InP was estimated from the valence
0.048 after 10 s RTA at 800 °C. The inset shows the mole fraction of Nband offsetAeV(GaAs/InB=0.35 eV. We found that the ex-
inc_orp(t)r:atzd %” tht? P SHb'attiCS fa'TChU'ate‘tj_ fr?_m thf‘?_ '_Oa”‘?'gapf r'\?d_u‘3ttri1°berimental data in Fig. 6 are best described with a coupling
t]hsl}gg Cazesa;.e aaTSIgrglzigng el. € activation etfriciencies o n ernat”x .eleme-nCNM:?).S eV. .
Using this fitted parameter we calculated tkg, in

INN,P; _, layers formed by N implantation from th®E val-
for 10 s are shown in Fig. 5. A monotonic decrease in theues obtained by the PR measurements; the results are pre-
band gap is observed as the implanted N dose increases. Fegnted in the inset of Fig. 5. The amount of N incor-
the highest implanted N dose correspondingtg,~0.048  porated on the P sublatticeoNn the INN,P;_, layers was
the band gap is estimated to be 1.17 eV, corresponding t¥ac=0.005, 0.0065, and 0.012 for samples implanted with
AE=180meV with reference to an unimplanted InP sampleXimp=0.008, 0.016, and 0.048, respectively. Notice that the
(Eq=1.35eV). maximum value achieved fog; 0.012, exceeds that reported

Figure 6 shows the dependence of the band gap of epto date &=0.009f for InN,P;_, thin films grown by the
taxial INN,P;_, thin films on the N contenx grown by the ~GSMBE technique.
gas source molecular beam epitad@GSMBE) method. The It is also important to note in Fig. 5 that the activation
absorption data in the figure are taken from Bi and @nd  efficiency,X,c/Ximp decreases as the amount of implanted N
the PR data were obtained in the course of this study fronicreases. This may be the sign of a limited solubility of N in
InN,P; _, thin films grown using similar method§. The  the InP matrix. For the N implantation dose corresponding to
solid line in Fig. 6 representE_ calculated by the band Ximp in the range of 0.01 to 0.02, the activation efficiency is
~40%, much higher than that in N implanted GaAs.

Figure 7 shows thE andI" values for InP withxy,
~0.016 as a function of annealing temperature. Only a small
decrease iMME (<20 me\) is observed for the highest an-
nealing temperature used in this stu@®b0 °O, indicating
that the N atoms incorporated in the P sublattice are ther-
mally stable. This stands in contrast to the observations with
the GaNAs;_, layers synthesized by N implantation in
GaAs mentioned above, where we have found that the con-
figuration with N atoms substituting As sites is thermally

—cal(E,=2¢ViC,,=3.5) much less stable. Figure 7 also shows the gradual reduction
1.15F| e apsorption ] in the linewidth as a function of increasing RTA temperature.
110 . ‘ ; ] This can be interpreted with the removal of implantation

0.000 0.002 0.004 0.006 0.008 0.010 defects at higher annealing temperature resulting in improve-
N content, x ments of the crystallinity of the implanted layers.

G, 6. Band function of N AL, alloy thi The high activation efficiency and the good thermal sta-
. 6. Band-gap energy as a function of N content in « alloy thin . : ;
films grown by GSMBE. The solid line is the calculated dependence of thebIIIty of N'in InP may be due to the small difference between

E_ edge onx according to the band anticrossing model using the knowntn€ bond_ener_gy of In-N5.77 eV} and In-R5.81 eV). The
band structure parameters of InP. smaller size difference between the N and P atoms compared
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N(1.6%) imp. InP 800°C 10s RTA -

. E i

AR/R (arb. units)

AR/R (arb. units)

P R W | T I

11 13 15 17 19 214 23
energy(eV) | as-grown
~ Nimp.(800°C 10s)

FIG. 8. A PR spectrum from a N implanted InP sample with,~0.016
after RTA at 800 °C for 10 s taken over a wide photon energy range showing
both theE_ andE, transitions.

1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
energy (eV)

) FIG. 9. Aseries of PR spectra from M8a,_,As samples with various AlAs
to that between the N and As atoms may also contribute tenole fraction implanted with Nx;,,,~0.018) after RTA at 800 °C for 10 s

the improved substitution of N in the P sublattice. In addition(solid lineg together with the spectra of the as-grown materialstted
to the lower subbani _ that is responsible for the reduction "e9-
in the fundamental band gap in IlI4NV,;_, alloys, the

band anticrossing model also predicts the formation of apR spectra from AlGa,_,As samples with increasing AlAs
. -y

upper subbande., . According to the BAC model, the up- e fraction implanted with Nmp~0.018) after RTA at
ward shift of thlsE+.state and the downward shn‘t. of the 800 °C for 10 s(solid line9 together with the spectra of the
lower E_ state at a given value ofare exactly opposite and 5 416w material@otted lines. Positions of both the lower
equal. PR measurements on epitaxially grown @eh\_,, E_ and upperE, subbands for AlGa_,N,As, , formed
Ga—yInyN,As, x, and GaNP,_, have clearly showed . nimplantation in A/Ga; _,As samples determined from
transitions associated with . in agreement with the BAC o PR measurements in Fig. 9 are shown in Fig. 10 as a

model!181%20#'Specifically, Perkinet al. have shown that ¢, ction of AlAs mole fractiony. Note that the optical tran-

E. in GaNAs, . becomes resolvable from the spin-orbit gjiions 1o the indirect band gaps ftor X minima are not
transition Eq+A) when x>0.008:" Since the highest N psoneq in the PR spectra. The known dependencies of the
mole fract|on_ach|eved in our |on.syntheS|zed GAb| _, is T, L, andX conduction-band minima opare also shown in
~0.004, E, is not observable in these samples. In oury,q figire. The dependence of the localized nitrogen [Eyel
INNP, _ layers formed by ion implantation, the highegt, o " has been determined from published results on

is 0.012. Moreover, the large value BR—Ey in INNWPL—y \_rglated photoluminescence in /8a _,As alloys doped
(0.65 eV} indicates that the energy separation between @ N at low impurity like levels. It has been shown that at

upper and lower subbands in IR, should be much ., temperatures thEy energy level is located at about 1.69
larger than that for Gaphs; _, and therefore should be well 4, (y=0)2 at 1.87 eV §=0.31)% and at 1.9 eV y

resolved from theée _ and the spin-orbit transition.

Figure 8 shows a PR spectrumrinca N implanted InP
sample withx;,,~0.016 after RTA at 800 °C for 10 s taken
over a wide photon energy rang#.1-2.3 eV. A new PR
feature corresponding to the transition associated with the
E. edge is clearly observable at 2.1 eV This transition cor-

responds to an energy shift from the localized N st&es 3
—En=100meV, in perfect agreement with the downward §>
energy shift,,—E_=100meV for this sample. This again T
confirms that the BAC model provides a quantitative de- ° &
scription for the N induced modifications in the conduction : E
band of the IlI-N-V;_, alloy system. :

0.0 012 I 0|6 0f8 1.0

0.4 i
AlAs mole fraction, y

C. Al,Ga;_,N,As,_,
. . _FIG. 10. TheE_ andE, transition energies measured with ion beam syn-
Similar to the case of N implanted GaAs, we also ob thesized A|Ga,_, N,As,_, samples. The variation d& and thel’, X, and

serve a significant N'ianC?d redgction of the band gap iN'N_ conduction band edges as a function of AIAs mole fraction iyl As
implanted A|Ga; _yAs thin films. Figure 9 shows a series of alloys are also shown.
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=0.37) 38 This corresponds to a linear dependence of the/ABLE Il. Active N X, and the corresponding activation efficiencies cal-

energy level Ey with the coefficientdEy/dy~0.58 eV culated from the measureB_ and E, values for N ion synthesized
. N . N ) ' Al,Ga,_yN,As, _ layers using Eq(1).

Since the temperature dependencies of the band edge ener:

gies are practically the same for all alloy compositions we AlAs mole fraction, ~ Active N content,  Activation efficiency of

obtain Ey=1.65+0.58y (eV) for the composition depen- y Xact N (%)
dence of the N level at room temperature. This dependence is 0 0.0024 13.3
shown by the dotted line in Fig. 10. 0.27 0.0023 12.8

It is worth noting that the change &fy by about 0.58 eV 0.34 0.0018 10.0
for y changing from 0 to 1 is very close to the valence band 0.52 0.0028 156

0.61 0.001 5.6

offset between GaAs and AIA\E,=0.55eV. This indi-
cates that the enerdy, is practically constant independent
of the AlGaAs alloy composition, a characteristic feature of

highly localized levels that has been previously observed fothe Al composition and is equal to 2.7 eV. From Et). the
the N-level in GaAsP alloy¥! mole fraction of active nitrogen in AGa,_,N,As, _, can be
Results in Fig. 10 show an evolution of the andE.  directly estimated from the energies Bf, and E_. The
energies as functions of the composition. For Gajs Q)  concentrations of the active nitrogen determined by substi-
the wave function of thé& _ edge consists mostly df edge  tuting the results foE, andE_ shown in Fig. 10 into Eq.
wave function. This leads to strong optical transitions from(1) are listed in Table II. It is seen that for most Al compo-
the valence band to the_ subband. On the other haid.  sitions 0.0018 x,,<0.003 which corresponds to the activa-
has mostly the character of the close lying, highly localizediion efficiency in the range of 10%—16%. The only exception
N state that only very weakly couples optically to the ex-is the sample witty=0.61 where a significantly lower con-
tended valence band states. In fact the transitions td&cthe centration of active nitrogen is found. Based on our present
states that are clearly discernible in epitaxially grownresults it does not appear that there is any significant depen-
GaNAs;_, films'®*® were too weak to be observed in dence of the N activation efficiency on the Al content. The
N-implanted GaAs. As is seen in Fig. 10 the compositionconsiderable spread in the valuesxgf; for different samples
dependence of the relative locations of the interactijg can be attributed to inaccuracies inherent to the ion implan-
andI" levels leads to a change in the nature of Ehe and  tation and thermal activation processes.
E_ subbands. At largey the I" edge moves to higher ener-
gies and thee , subband acquires moiéband-like charac-
ter. This is reflected in greatly enhanced strength of the opI-V' CONCLUSION
tical transitions to thé& , subbandas seen in Fig. 9 At the We have successfully synthesized diluted 1LV,
same timeE_ becomes more like a localized N level with alloys (with x=0.002—0.012 by nitrogen implantation in
decreasing oscillator strength for optical transitions. This AlGaAs, InP, and AlGa _,As. Band-gap reductions in the
composition-induced evolution of the anticrossing interactange of 60—180 meV were observed in these ion synthe-
tion resembles, as previously observed, a change in the naized IlI-N,—V;_, alloys. InN.P; _, with N contentsx as
ture of E, andE_ states with hydrostatic pressufe. high as 0.012 was synthesized. Both the N activation effi-
Another interesting feature of the results in Fig. 10 is theciency and thermal stability of ion synthesized |\, al-
N-induced transformation of the nature of the fundamentaloys were found to be higher than for N implanted GaAs
band gap in AJGa_yN,As; . As is seen in Fig. 10 under similar processing conditions. This high activation ef-
Al,Ga, _,As becomes an indirect gap semiconductor wKen ficiency and the good thermal stability of N in InP can be
shifts below thel' minimum for y>0.44. Consequently no attributed to the small difference between the bond energy of
PR signal is observed for the lowest band gap for these alloin—N (5.77 e\) and In—-R5.81 eV} and the relatively small
compositions. However, as is seen for the samples with size difference between the P and the N atoms. Optical in-
=0.52 andy=0.61 incorporation of a small amount of ni- vestigations on AiGa, _,N,As; , layers formed by N im-
trogen leads to the appearance of direct gap transitions withlantation in A|Ga _,As thin films revealed that the energy
clearly visible PR spectrum. The direct gap is associated witlshifts of the upper and lower subbands are dependent on the
the transitions td_ subband that originates from localized AlAs mole fraction and are in good agreement with the pre-
N states and partially acquirdslike character through the dictions of the band anticrossing model. Moreover, the
interaction with the high lyind" band edge. This change in Al,Ga _|N,As, , alloys remain direct gap even foy
the nature of the fundamental band gap is exactly the same @s0.44 whereas the band gap of the original @& _,As
that recently observed in GaNP alloy4Jsing the known  thin films is indirect.
composition dependence for theband edgek,(y) and for
the localized N levelEy(y) we can use results fdE, and
E_ in Fig. 10 along with Eq(1) to evaluate the concentra-
tion of the active N in samples with differegtcomposition. This work was supported by the “Photovoltaic Materials
It has been argued that the value of the coupling parametdfocus Area” in the DOE Center of Excellence for the Syn-
Cnm depends on the electronegativity difference between nithesis and Processing of Advanced Materials, Office of Sci-
trogen and the group V element of the host matrix, we carence, Office of Basic Energy Sciences, Division of Materials
assume that in AGa,_yN,As; ,Cyy does not depend on Sciences under U.S. Department of Energy Contract No. DE-
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