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Evolution of the GaN,P;_, alloy band structure: A ballistic electron emission
spectroscopic investigation
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The evolution of the band structure of the G&\ , alloy, under dilute nitrogen concentrations=0,
0.0028, 0.0086, 0.0210, and 0.031B3 investigated using ballistic electron emission spectros¢BEBES.
The observation of fine structure in the BEES spectra of GaNP samples is discussed in terms of a possible
splitting in the degeneracy of thévalley due to the nitrogen induced intense perturbation in the GaP lattice.
For an incorporation of 3% of N, the reduction in the band gap is approximately measured to be 300 meV. The
data are qualitatively described by the recent perturbed host states model of Kent and Zunger.
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[. INTRODUCTION the repulsion between th¥-derived singlet state and the
conduction band of the host semiconductor. Most recent
Recently it has been discovered that partial replacemerseudopotential supercell calculations suggest that the for-
of the group V elements with nitroggiN) leads to dramatic mation of a perturbed host statBHS and its subsequent
changes in the band structure of 11I-V semiconductors, spedownwards movement with the increasing N incorporation is
cifically GaAs and GaP. The most striking observation in thisresponsible for the band-gap reduction in the GaNP afldys.
new class of materials is the large reduction in the band gaf IS believed that the PHS possesses sefeharacter due to
of the host semiconductot€With 4% of N incorporation in 'S close proximity to theX valley. However, none of the
GaAs, it is observed that the band gap reduces by 400 me\gxperlmgntal m_gthods mentioned earlier fingerprint either
while still retaining the direct band-gap propettynlike the r.elatlve positions of thE' L, andX valleys'of th‘? con-
GaAs, GaP is an indirect band-gap semiconductor with Eguctlon band or the formation of a N-related impurity band,

band gap of 2.27 eV at room temperature. The isolated l\\fvhlch is crucial in understanding the phenomenon of band-

: 2T . ; : ..gap reduction. Ballistic electron emission microsco
impurity in GaP provides a localized state in the gap. W'tthEEM)/spectroscop)(BEES has proven to be very sucl?y
the increasing N concentration the optical absorption seem

S ! ) ) essful in showing the band-gap reduction in GaNAs alloys
tr;’;(‘/ﬂfgate a lowering of the “band gap,” by as much as 300, i showing the evolution of the band structure of the

l1I-V alloys. It is the purpose of the present paper to inves-

There has been intense research activity on both theoreﬁbate the band-structure evolution of the GEN . (x
ical and experimental fronts to understand the influence ok 3 104) alloy semiconductor as a function of nitrogen com-
nitrogen on the band structure of these two semlconductorﬁosition using ballistic electron emission spectroscopy. A

Shanet al. proposed a band anticrossitBAC) model of  part of this work at its preliminary stage was presented
two interacting level€€ . andE_ to explain their pressure- elsewherd?

dependent photoreflectance data on GalnNAs afioyke
BAQ model states that the incorporat.ion of nitrogep in II!-V Il EXPERIMENT
semiconductors results in the formation of a localized nitro-
gen state, which is in resonance with the extended states of The GaNP; _, (x<0.031) samples were grown ¢h00)
the conduction band of the host semiconductor. Electrore&aP substrates by using anf plasma enhanced gas-source
flectance measurements further confirmed that the nitrogemolecular-beam epitaxy system. Four sets of samples with N
induced band repulsion is indeed responsible for the bandzompositionsx=0.0028 (0.28%), 0.0086 (0.86%, 0.021
gap reduction in GaNAs alloysHigh-resolution photolumi-  (2.1%), and 0.031(3.1%), were grown at-520 °C. Pd/In/Pd
nescence measurements on GRAN, (x<0.031) alloys metalization is used as the Ohmic contact for the GaP sub-
have been interpreted in terms of the evolution of the nitrostrate. 60 A of gold is used as the Schottky contact on the
gen related impurity band due to the isolated N centers, NGaNP epilayer. The details of the BEEM experimental
pairs, and its clustefsThe data suggest that the excitonic method have been recently reviewdderom the scanning
effect plays a significant role in the impurity band formation tunneling microscopéSTM) tip, hot electrons are injected
and the subsequent band-gap reduction. into the semiconductor sample. Given sufficient kinetic en-
Density-functional theory calculations, supported by theergy, the injected carriers will overcome the Schottky barrier,
pressure-dependent photoluminescence measurements, hgeass through the semiconductor, and finally reach the collec-
ever, fail to account for any role of the nitrogen related im-tor point(Ohmic contact A plot of collector current|), as
purity band in the band-gap reductidrRather, it is due to a function of the tip biagV) constitutes the BEEM spectrum.
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FIG. 1. Band diagram of GaP semiconductor. 08 12 TRy

Tip Bias (V)

A second derivativéSD-BEEM) plot of d?l./dV? versusV
fingerprints the relative positions of tHe X, andL valleys FIG. 2. Room-_temperature _BEEM spectra for fiv_e different ni-
with the display of an individual peak corresponding to thetro.gen concentrations. For clarity, the spectra are shifted along the
electron scattering into each of these vall&y¥! axis.

One should be cautious while taking the second derivative o o o
on the original BEEM spectrum. Even though oV spec-  transmission channel in dilute nitrides can be better under-
tra look clean, to obtain second derivative spectra with higrtood by taking second derivatives on each of thev
signal-to-noise ratio we took a large number of data point$urves. Such plots are shown in Fig. 3.
for signal averaging purposes. Hence for each sample, on The second-derivative plot of the GaP sampte=0%)
average, 40000 of.-V spectra, in sets of 200, were col- shows one broad peak, making the identification of the rela-
lected at several locations on the semiconductor matrix. Théve peak positions of the higher lyingandl” valleys diffi-
fluctuations in the N concentration across any given sample
is considered to be less than 0.1% of the total N present. In PR L LML
spite of our success to incorporate N up to 16% in GaP, the 1200'_ GaN P Ly
samples were highly nonstoichiometric with large variations | 297K
in the N composition. Thus the samples were unsuitable for [
BEEM experiments beyond 3.1% N. All the measurements
were performed at room temperature in ambient atmosphere.
A typical band-structure diagram of GaP is shown in Fi¢® 1.
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The BEEM spectra taken on Gal_, samples, forx
=0-0.031, at room temperature are shown in Fig. 2. The
threshold for the onset of the BEEM current on theV
spectrum of the GaP sample=0) is determined as 1.44 [
+0.05 eV, corresponding to the ballistic electron transport 400
through theX valley of the semiconductor. Recalling that the [
conduction band minimum in GaP lies dtvalley and thus
the aforementioned threshold represents the Schottky barrier 200'
height of the Au/GaP interface, which is in excellent agree- I
ment with the previously reported valu¥sNo additional
thresholds or steplike features can be seen fromlth¥

600

[
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curve for the higher lyindg. andI” valleys. With the addition 0
of nitrogen, however, for all the compositiong=0.28%, 0.6
0.86%, 2.1%, 3.1% of N one can clearly distinguish an Tip Bias (V)

inflection point in the BEEM spectra. Thus the appearance of

an inflection point in the spectra represents the availability of F|G. 3. Room-temperature second derivative of the BEENW

an additional channel for the current transport in the GaNRpectra in exact correspondence to Fig. 1. The spectra are vertically
alloys. Such an observation, limited to only N doped GaP, ishifted for clarity. Dotted lines guide the eye to increasing separa-
a strong indication of the nitrogen influence on the bandion between the LHS and RHS peaks with the increasing N con-
structure of GaP. The origin and the nature of this additionatentration.
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FIG. 4. Schematic of a possible ordering of teL, and T FIG. 5. Compositional dependence of the thresholds observed in

valleys in pure GaP against GaP:N system under dilute N compohe SD-BEEM spectra of GaNP. The solid line is the fit to the
sitions. Considering the large scattering in the reported values fogXperimental data points.
the relative position of th&;, valley, the possibility for the inter-
mixing of X3. andL,. valleys is not ruled out. the valleys in mindX; andX; might be contributing a large
portion of the measured BEEM current, when compared to
cult. This can be understood by looking at the band structuréhe rest of the valleys.
of GaP, in which the ordering of the conduction-band valleys In contrast with the case of pure GaP, even for a small
is X3c—L1c—T1¢, as seen from Fig. 1. The subscript¢”L. ~ percentage of nitrogen incorporati®28%), the broad peak
refers to the first Brillouin zone of the conduction band. Thecan be seen as splitting virtually into two or more subpeaks
energetic separation betweej,—L,. andL,.—I;. val-  (Fig. 3. The left-hand sidéLHS) peak, which appears to be
leys are widely accepted as 370 and 130 meV, respectivelgharp and more pronounced than the right-hand @RS
at room temperatur®. Interestingly, there is evidence for a peak, is the derivative product of the inflection point. The
higher lying valley,X5., whose minimum occurs just below broad RHS peak with a weakly resolved multiple structure in
that of L;..1""*® The X,.— X5, separation in pure GaP is itis attributed to various higher lying conduction-band states
measured as 310 meV at room temperatlré however, of the host semiconductor. Before assigning each peak to a
theoretically it is estimated as only 285 eV at absokdeo  particular conduction-band valley, let us understand the role
temperaturé® Therefore the ordering should be rewritten asof nitrogen in GaP.
X1c—Xzc—L1c— 1. Within 500 meV, the ballistic elec- We adopt the description, provided by Kent and Zunger,
trons will encounter four of these valleys over the voltageof the perturbed host states of the GaNP band structure based
range studied. on a polymorphous description of the evolution of the energy
As seen in Fig. 1, the conduction-band minimum in GaPstates of the materidf. The ordering of the primary
is located on th€100) axis at theX valley, while thel valley ~ conduction-band states;., Xs;, L;c, andI';. of GaP are
is located on thg111) axis. Since we have employed GaP shown in the left-hand side of Fig. 4. Therelated states
crystals with(100) crystal orientation for the BEEM experi- usually, as mentioned earlier, have a close proximity to the
ments, theX valley is on-axis with the direction of the bal- X3, derived states and significant mixing between these
listic electron injection, where as thevalley is off-axis with  states might be expected to occur with the incorporation of
the injection. Unless the Au/GaP interface provides addinitrogen. The nitrogen derived statag(N), a;(X), etc., are
tional transverse momentum to the ballistic electron, theshown on the right-hand side of Fig. 4. In our case because
scattering probability into thé. valley is considered to be of the strong sensitivity to th¥ bands of GaP, we believe the
small. Similarly, the scattering probability into tlevalley is  dominant peaks reflect the splitting of tievalley, as pro-
expected to be much smaller due to the lower density ofosed by Kent and Zunger, with the additional structure due
states and the decrease in the mean free (matp) with the  to higher lying X, L;., andI';. valleys® These authors
increasing electron energy. Keeping this and the ordering oflid not include the behavior ok, derived states in their
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calculation and it is shown heuristically for completeness ining separation might be a direct consequence of the down-
Fig. 4. wards movement of the nondegenerate statg.)( of the X

Our unique experimental observations, such as inflectiowalley with the increasing N concentration. The reduction in
point and its associated spectral features in the second dére band gap for 3.1%-N incorporation is measured to be
rivative BEES, suggest that the host states are perturbed si@-28+0.02 eV, which agrees well with the previously re-
nificantly with the incorporation of N in GaP. The LHS peak ported values>
is thus attributed to the nondegenerate state oithealley
{a;(N)}, and the RHS multipeak structure is attributed to the
X3, L, possibly partly due to the intermixing &%, L andl’
valleys. This can be seen very clearly in the case of 3.1%-N Financial support from the Midwest Research Institute
sample with the display of multiple peaks. under the photovoltaics prografbE-AC36-98-GO1033)

A plot of threshold energies as a function of nitrogenthrough a subcontra¢kKK 008) from the University of Cali-
composition, as displayed in Fig. 5, clearly shows that thdfornia at Santa Barbara, and partial support from the NSF
energetic separation between the LHS and RHS peaks inunder grants ECS-9996093 and ECS-9906047 are gratefully
creases with the increasing N composition. Such an increasccknowledged.
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