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Analysis of band anticrossing in GaNP;_, alloys
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Temperature-dependent absorption, photoluminescence excitation, and spectroscopic ellipsometry measure-
ments are employed to accurately determine compositional and temperature dependences of the conduction
band(CB) states in GaNP alloys. The CB edge and the higher fipgcB minimum (CBM) are shown to
exhibit an apparently anticrossing behavior, i.e., the N-induced redshift of the bandgap energy is accompanied
by a matching blueshift of thE. CBM. The obtained data can be phenomenologically described by the band
anticrossing model. By considering strong temperature dependence of the energy of the interacting N level,
which has largely been overlooked in earlier studies of GaNP, the interacting N level can be attributed to the
isolated substitutional pand the coupling parameter is accurately determined.
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Insertion of nitrogen in conventional IlI-V alloys, such as tended states and depends on the semiconductor matrix. The
GaAs and GaP, strongly affects their electronic structurebandgap energy is given by the energy of the lower subband
leading to a wealth of fascinating physical properties inheredge E_(0). Equation(1) allows to predict compositional,
ent to the forming dilute nitrides alloys. They include: the temperature, and pressure dependences of the involved CB
giant bowing of the bandgap energy accompanied by thetates in the alloys, as well as to estimate the corresponding
splitting of the conduction ban@CB) states, the enhanced electron effective masségrovided that the values & and
nonparabolicity of the CB dispersion, the unusually weakCy,, are accurately known.
dependence of the bandgap energy on applied pressure andFor G&ln)NAs alloys the energies of tHe, andE_ states
measurement temperature, &tcThese properties have been can be measured with rather high precision from reflectance
found to be very desirable for various applications in opto-studies. This has ensured an accurate determination of both
electronic and photonic devices, further attracting interest irgy andCyy, values in these materials, e.gy=1.64 eV and
novel dilute nitrides. The N-induced maodifications in the Cyy=2.7 eV for GaNAS As the obtained energy position of
band structure have been attributed to a large mismatch béhe interacting N state has been found very close to the level
tween sizes and electronegativity between the N atom andf the isolated substitutional N impuritfN,c), which is
other group-V element of the host lattice, which causeknown from previous studies of GaAs:N, the interacting lo-
breaking of translational symmetry and thus promotes strongalized N state was attributed to the level ofcNOn the
mixing of the CB stated Alternatively, the bandgap bowing other hand, for GaNP alloys the situation is less straightfor-
can be described by the interaction between N-related localyard. First of all, the bandgap energies in GaNP were often
ized states and th&, CB minimum (CBM) of the same deduced from photoluminescen¢®L) measurements. This
symmetry, by the so-called band anticrossitBAC)  can cause substantial errors in the determined BAC param-
model?~’ This rather simple model provides a surprisingly eters, as the PL transitions in GaNP alloys even at room
satisfactory phenomenological description of the N-inducedemperature arise from deep N-related states, not due to
effects on the band structure of dilute nitrides and is thusand-to-band recombinatidEven though the PL measure-
found attractive in conveniently predicting the change of thements were sometimes complemented by the photoreflec-
bandgap energy, also useful for, e.g., device modeling.  tance studie$,the weak intensity of the reflectance signal

According to the BAC model, the interaction between anand its overlap with the strong background PL should inevi-
a; localized N state and extended CB states of the samgbly lead to a large errorbar in the determined vajussc-
symmetry(i.e., thel’; minimum) splits the CB into two sub- ondly, contrary to G@n)NAs, the interacting localized N
bands, with their energies described by the equétion state was attributéd to some kind of average over various
N-related states, rather than to a certain N-related level. This
is because the obtaindgy value =2.15-2.18 eV did not
match any known N-related level in GaP. This has therefore
raised doubts on the physical meaning of the corresponding
HereEr(K) is the dispersion relation of tHe, CB edgeEyis  level and thus overall validity of the BAC approach.
the energy of the localized N state, arnds the N fraction. In this work we employed temperature-dependent optical
All energies are measured with respect to the valence bamabsorption, photoluminescence excitatid?LE), and spec-
(VB) maximum.Cyy is the coupling parameter determined troscopic ellipsometry measurements aiming to obtain accu-
by the strength of coupling between the localized and exrate compositional and temperature dependences of the CB

.0 = S{(E (00 + B £ V(B (K~ B+ 4xClyy]. (0
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' The GaNP epilayerewith a thickness of 0.25—-0.7am)
- studied in this work were grown by gas-source molecular
beam epitaxy on100) GaP substrates. The alloy composi-
tion x was determined by theoretical dynamical simulations
- of measured x-ray rocking curves. The band gap energy of
the alloys(to be referred to as thE_ state in the following
discussioh was determined from optical absorption mea-
i surements. The measurements were carried out in a variable
GaP temperature cryostat using a halogen lamp as a light source
/ . and a double grating spectrometer with a silicon avalanche
15 : = 2'1 - 212 Y. 23 detggtor for spect_ral dispersion and dete'ction. The energy
’ Eneréy ) ) ) positions of the higher lying CB state which evolves from
theI'. CBM (to be referred to as thE, state below were

FIG. 1. Spectral dependence of the absorption coefficient medd€términed from spectroscopic ellipsometry and PLE stud-
sured at room temperatu@@®T) from the GaNP alloys with the €S- Spectroscopic ellipsometry measurements were carried
specified N compositions. The bandgap energies were obtained BMt at room temperatur@RT) using a rotating-analyzer ellip-

extrapolating the linear part afeE)2 to zero, as shown by the Someter equipped with a 75-W Xe lamp as a light source.
dashed lines. Data were taken at multiple angles of incidence with a spec-

tral resolution of 4 meV. PLE measurements were performed
states in GaNP. We show that the energy positions of the CBt 2 K using a dye laser as an excitation source. The result-
edge and the higher lying CB states that evolve fromlthe ing PL was detected by a GaAs photomultiplier after passing
CBM exhibit an apparently anticrossing behavior. The BACthrough a double grating monochromator.
model is shown to provide a good description of the obtained Figure 1 shows representative results from the performed
data. By taking into account the previously overlooked tem-absorption measurements. For photon energies E exceeding
perature dependence of the localized N levels, the energy difie GaNP bandgap, spectral dependence of the absorption
the interacting N level is shown to coincide with that of the coefficiente obeys a linear function in coordinatésE)? vs
isolated, substitutional N This analysis also provides accu- E, characteristic for direct band gap semiconductors, as was
rate determination of the coupling parameter for GaNP aldiscussed in detail in Ref. 9. An extrapolation of the linear
loys. part of the dependence to zero valug @E)? provides band-
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FIG. 2. (a) The imaginary part of the dielectric function obtained from the GaPN layers with the specified N contents measured by
spectroscopic ellipsometry. The onset of the absorption is clearly blueshifted with increasing N dbht®atond derivative spectra of the
imaginary part of the pseudodielectric functi}) at an angle of incidence of 70°. Dashed lines are experimental data, and solid lines are
calculated model dielectric function spectra. Vertical markers indicate the positions 6§ thigical point energy values obtained from the
data regression analysis, which was directly performed on the basis @f.phdata in the range between 2.5 and 3.2 eV. Belowitipmint

transition, Fabry-Perot interference oscillations are present, which become damped with decreasing photon energy due to a considerable
absorption tail. The interference effects were described in a self-consistent way using a two layer model that accounts for the substrate, the

GaNP layer, the native oxide and the ambient.
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FIG. 3. Effect of N incorporation on the PLE spectra measured 2 ~--e- DT
in the vicinity of thel’,5’-I';¢ transition for the specified N compo- 18 ) | | . . \
sitions. The additional feature is probably due to transitions from Y 1 2 3
', to theL or X CB state, which is beyond the scope of the Nitrogen Content (%)
present paper. The spectra are shifted vertically for clarity.

FIG. 4. Compositional dependence of the CB e¢ge and the

gap energies of the alloy®r E_ value3. Examples of the I'c CB minimum(E,) in the GaNP alloys at 2 K&) and RT(b),
performed spectroscopic ellipsometry studies are depicted ifgspectively. Solid lines represent fitting curves using @g.and
Fig. 2. In this case, the spectral positions of fhg’~T',° parameters deduced in this work and provide very good agreement

transition(the E, state, indicated by vertical markers in Fig. With the experimental datalots. TheE, andE. positions expected
2, were determined by the parametric line shape regressiofﬁOrn Ref. 5 are shown by the dashed curves.

analysis of the measured pseudodielectric functionin the  pehavior of theE_ andE, CB states at both temperatures can
analysis, a composite model dielectric function based on thbe described by Eqd) with the same coupling parameter
one-electron interband-transition approach, as describe@y,,=2.76 eV. In is interesting to note that the obtained
e.g., in Refs. 10-12, was employed with tfig’~T",° tran-  value is very close to that deduced for GaNAs alloys, i.e.,
sition being described by a critical point of the 3, type ~ Cyw=2.70 eV, which points towards a similar origin for the
and assuming parabolic bands. The same information wagpupling, e.g., a similar degree of hybridization of extended
also obtained by measuring low temperature PLE spectra o'?‘nd localized states in both materials. AS to the energy posi-
N-related emissions, based on the spectral position of théon of the Ey state, our new results yielfy=2.33 eV at
I',’-T,° excitonic transition—see Fig. 3. Thg, positon 2 KandEy=2.25eV atRT, i.e., it is temperature dependent.
was corrected by 5 meV to account for the binding energy ofit a first glanc_e, this result is rather surprising taking into
a direct exciton in Gal® As the PLE features become broad account a localized character of the N-related states. We will

for the GaNP;_, alloys withx>0.6%, this method was only SNOW below, however, that the obtaingg| value in fact
employed for the alloys with low N contents. The obtainedco'nc'des with the energy level of the isolated substitutional

results are summarized in Fig. 4 where compositional depe N atom N, clarifying the origin of the interacting localized

'\ state as being due to thesN
dences of th&e_ and E, states measured at 2 K and RT are Indeed, the energy position of the N-bound exciton in

shown together with a summary of the previously puinshedGaP (A line) is 2.317 eV at 2 K with an exciton binding
data for GaNF" alloys. The: deduced values of Ehennq E, energy ofE,*=11 meV2® As the binding energy of an elec-
states at RTFig. 4b)] are in very good agreement with the (1 at the N atom is know to form the major portion of
previous results from absorptithand ellipsometry* mea- g ex g yields the energy position of the N-related level at
surements. On the other hand, the bandgap energies hayfoind 2.33 eV, in excellent agreement with the dedied
obviously been underestimated in Ref. 5, as they were deyajue at 2 K. With increasing temperature, the spectral posi-
duced from the maximum position of the RT PL emission oftion of theA line was shown to shift towards lower energies
the impurity origin. following the bandgap of Ga¥:1® The exciton binding en-

As obvious from Fig. 4, N incorporation causes a strongergy remains temperature independ@riowever, implying
redshift of the GaNP bandgap accompanied by a comparabkestrong temperature dependence of thde\el position, as
blue shift of the higher lyingl'; CB state.(The detailed shown by the dotted line in Fig. 5. The energy position of the
physical mechanism responsible for these N-induced modifiN, level RT is 2.25 e\A? in excellent agreement with the
cations of the CB states is beyond the scope of this paper arte=2.25 eV deduced from the BAC fitting in the present
is discussed in detail in Ref. )5The apparently anticrossing study.
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32 . . . . . . . deeper N stateg.g., related to N-Npairs and N clustejs
51 L TSm==— judging from the energy shifts of the corresponding excitonic
’ x=3.1% transitions with temperature, in spite of their insensitivity to
3L pressure and alloying. In principle, a basic treatment of the
E+ isolectronic impurity models N potential by a short range
29 Pt Koster-Slater potential that attracts the CB elec#b#.In
S 28 KFQH% addition to electronegativity difference between N and P at-
N/ *=0% oms, the lattice distortions in the vicinity of N were shown to
27l play a decisive role in determining the strength and the range
E 24 B of this potential, and thus the energy level of the related
=N bound staté:???* To a certain degree, this local distortion
= x=0% can be affected by temperature-induced changes in deforma-
E- Ne . . . .
22 L . tion potential, leading to the shift of the N levels. Alterna-
) NFI 3% tively, Aspneset al?®> have shown that the energy of the N
1 m o level in GaRAs) can be approximated from the Koster-Slater
o — I x20% Schrddinger equation considering only off-diagonal coupling
x=3.1% within the Brillouin zone. Taking into account a low density
x=3.1% of states for thd™ CBM, which is by orders of magnitude
. . . . . | Ref5, smaller than that associated with tieandL minima, theEy

l
0 50 100 150 200 250 300 350 energy was deduced as

Temperature (K)
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FIG. 5. Temperature dependence of the CB edge andI’ CB En= E(Ex +E) - 5[(Ex - E)?+ 4V, 2
minimum (E;) measured for the GaNP alloys with the specified N
compositions. Also shown are th&T) and X(T) (thick solid lineg
(Ref. 21 and the previously determined-(Y) (dotted ling depen-
dences(Refs. 18—20 employed in the fitting using Eql). The

whereEyx andE; are the energy positions of th% andL-

CB minima,V is the Koster-Slater interaction strength. Such
results of the fitting are shown by the thin solid lines. The dashe hppll’\cl)>|<lma|tt§ desdcrlptlon .Su%ge?tst:]eTfer?;ureddfp)ceé‘&ence of
and dashed-dot lines are fitting curves obtained for the e N level to a degree similar 1o that for thean !

GaNy 03P 066 alloy by neglecting temperature dependence of theconsistent with experimental observatiopislack of experi-

Ey position and using the corresponding values deduced at 2 K an@ental d_ata OrEL(T_) dgpendence has prevented us from
RT, respectively. The lowest dashed line shows temperature depefUantitative determination of thé&y(T) dependence pre-
dence of theE_ position for the GalyyzPo 060 alloy, estimated by ~ dicted by Eq.(2).] Naturally, a strong variation of th&y
using the BAC parameters from Ref. 5. position is then also expected for GaAs due to similar origin
of the N-related states in both compounds, which is more
Consistently, the BAC model also provides a very goodchallenging to verify experimentally as the N levels are reso-
description of the overall temperature dependence ofthe nant with the CB states. This has largely been overlooked in
andE_ states in GaNP alloys. This is shown in Fig. 5, wherethe earlier BAC analysis of the temperature behavior of the
the data points of the experimentally determiiedandE_  bandgap energie®r E_) in Gan)NAs alloys2® where the
positions are plotted as a function of measurement temperdg, level was believed to be temperature independent based
ture for several N compositions, together with thg(T)  on the localized nature of the N-related state and its known
(Ref. 2) and NX(T) (Refs. 18 and 1pdependences em- stability under applied hydrostatic pressure. On the other
ployed in the fitting. The results of the fitting are shown by hand, the assumption of the temperature variation ofghe
the thin solid lines and are in very good agreement with theposition in GalnNAs alloys was crucial to account for the
experimental data. On the contrary, the assumption of a tenexperimentally observed temperature-induced shift of&he
perature independefi level that was employed in earlier transition?” This seeming contradiction can be explained
studies leads to much slower thermal variations of Ehe within the BAC model by the difference between the origin
state, inconsistent with the experimental observatishswn  of the E_ and E, states’ Indeed, according to the BAC
by the dashed and dash-dotted lines for the GalPy 050  Model, theE, state in GalnNAs is developed mainly from
alloy with Ey level fixed at 2.33 and 2.25 eV, respectively the localized N level and thus should largely follow its prop-
We should point out that the observed strong temperaturerties. On the other hand, the state is mainly built up from
variation of the N level is rather surprising for a deep-levelthe extended CB states and is therefore less sensitive to the
defect in a semiconductor, which adds to controversies of ththermal variation of theEy position. The level ordering is
N behavior in 1lI-V compoundgsee, e.g., Ref. 22, and ref- reversed in GaNP alloys, i.e., the N level is now the lowest in
erences therejn Even though the Plevel in GaP exhibits energy and is thus suggested to evolve into the CB edge,
typical deep level behavior with electron binding via shortwhereas theE, state stems from thE€ CBM. This implies
range potential, its temperature dependence is very similar tsirong sensitivity of the CB edge to the thermal variation of
that characteristic for shallow impurities, i.e., the energy pothe Ey position whereas thE, transitions should be affected
sition of theA line in GaP follows the bandgap variation with to a much lesser degree—see Fig. 5. Such tendency is indeed
temperaturé®® Similar behavior is also observed even for consistent with our experiments.

085209-4



ANALYSIS OF BAND ANTICROSSING IN.. PHYSICAL REVIEW B 70, 085209(2004)

In conclusion, by employing temperature-dependent abbe temperature independent. We would like to point out,
sorption, spectroscopic ellipsometry, and PLE spechowever, that even though the BAC model provides a very
troscopies, we have determined accurate compositional argbod phenomenological description of the data, it does not
temperature dependence of the bandgap energy and thgem to be able to account for the detailed physical mecha-

I'c-related CB states in GaNP alloys. Both states are found tgisy responsible for the N-induced modifications of the CB
exhibit an apparently anticrossing behavior, i.e., the

. : ) . states in GaNP alloys. The conduction band edge of the al-
N-induced redshift of the bandgap energy is accompanied bp/ E state d ¢ ve f the. level )
a matching blueshift of th&, CBM. The obtained data are oys (E. statg does not evolve from N 1EVEl, as Sug
shown to be well described by the phenomenological BACIeSted by the BAC model, as the energy gosmons %f the
model, where the interacting N level can now be related td\-related levelgmonitored via absorptiot, PL.° and PLE
the isolated substitutional N\by taking into account previ- Mmeasurementsio not change during alloy formation.
ously overlooked temperature dependence of its energy po-
sition. The accurate value of the coupling parameter for )
GaNP alloys is also provided from this study and is shown td=OUncil:
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