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Nitrogen-induced increase of the maximum electron concentration in group II-N-V alloys
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The maximum free-electron concentration is observed to increase dramatically with the nitrogenxcomtent
heavily Se-doped Gagj,InsN,As; , (0=<x<0.033) films. For example, an electron concentration of 7
%X 10* cm~3 was observed at=0.033; a value more than 20 times larger than that observed in GaAs films
grown under similar conditions. It is shown that the increase is caused by a combination of two éfjegts:
downward shift of the conduction band a(®) an increase of the electron effective mass caused by flattening
of the conduction-band minimum. Both these effects are due to modifications to the conduction-band structure
caused by an anticrossing interaction of a localikestate and the conduction band of the IlI-V host.

The limitation on the maximum attainable free-electron In this paper we report the observation that the maximum
and/or hole concentrations by doping is an important issuéree-electron  concentration in  heavily = Se-doped
for the physics of semiconductors and the functionality ofGa;—3xIn3cNyAS; _ alloys increases rapidly with thé con-
their devices. Consequently, the fundamental mechanisngentration. The maximum value attaineck I0** cm™ at
that lead to the practical doping limits in semiconductorsx=0.033 is larger than that attained in GaAs by any doping
continue to be a subject of current interégtDespite years method. We use the amphoteric native defect model to show
of extensive studies there is still no consensus on the mech#at the increase is caused by N-induced modifications of the
nism responsible for the limitations of free carriers in semi-conduction-band structure.
conductors. Se-doped Ga. 3,In3,As; _ Ny films (1-3 um thick) with

The amphoteric native defect model has been shown t& "@nging from 0 to 0.033 were grown on GlalAs substrates by
provide qualitative predictions of the maximum free-carrier Metalorganic vapor-phase epﬂa:@MVPE. oThe growth
concentration achievable by doping in a wide variety oftémperatures ranged from 550 °C and 5.80 c gaﬁd—Was
semiconductors including IlI-\(Refs. 5 and B and, most used as the Se source. The In content in the films was mea-

recently, 1I-VI (Ref. 7) materials. The model relates the type sured by Rutherford backscattering spectrom@®§S). The

and concentrations of native defects responsible for do arz]attomic fraction of N atoms incorporated into the As sublat-
P Palfee (x) was determined by reflectio@04) double-crystal

; . Lo g(—ray diffraction(XRD) measurements using the method dis-
to an internal energy reference, the Fermi-level Stab"'zat'o%ussed in Ref. 132 The RBS-measured In contents in the

energyErs. The Ers was found to be located at4.9 eV gims \ere equal to $ to within 20%; this ratio produces

below the vacuum level and is constant for all Il-V and jimg that are lattice matched to the GaAs substrate. Second-
[I-VI semiconductors. Semiconductor materials with the CON-ary ion mass spectroscogBIMS) using a C$ beam was
duction (valence band located close t&rs can be easily ysed to measure the concentration of the Se dopant. The net
dopedn type (p type). In 11I-V semiconductors, it is found sheet density and mobility of the free carriers were deter-
that the maximun{minimum) energy location of the Fermi mined from Hall effect measurements in the Van der Pauw
energy, measured relative Es, is very similar(roughly 1~ geometry. The net donor concentration profiles were ob-
eV from Egg). tained by electrochemical capacitance-voltdg€V) profil-
GaAs has its conduction band Bts+0.9 eV and its va- ing using 0.2 M NaOH:EDTA as the electrolyte.
lence band aErs— 0.5 eV and thus is predicted to exhibit  Figure 1 shows the atomic profiles of In, N, H, and Se for
limitations on the maximum free-electron concentration buta Gg _3,In3,N,As; _, film (x=0.024) measured by SIMS.
no significant limitation on the maximum hole concentration.A uniform concentration of Se (810°° cm3) is observed
Experimentally, the maximum free-electron concentrationin the film. Similarly uniform atomic profiles with Se con-
Nmax I GaAs achievable under equilibrium growth condi- centrations in the range 2-710°° cm™3 were measured in
tions is limited to the mid 1¥ cm 3 range, corresponding all of the samples. We note that the dimethylhydrazine used
to the Fermi energyEg located approximately at 0.1 eV as a N source in the OMVPE growth caused hydrogen to be
above the conduction-band edge or at 1 eV atBve® We  present in the range 18-10° cm™2 for all films with x
note that nonequilibrium techniques such as+&a >02°
co-implantatiod and pulse electron beam irradiation  Profiles of the net donors for the GayIngN,As; .
technique¥ have been used to achiemg,, values in GaAs films with x=0 to 0.033 measured by ECV are shown in Fig.
up to 2x10 cm 2 corresponding to a maximum Fermi 2. It should be noted that the ECV-measured net donor con-
level atEgs+1.3 eV. centrations for the Se-doped Ga,lIn;,N,As, _, films agree
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FIG. 1. SIMS profiles of H, In, N, and Se in a 1:6n-thick FIG. 3. A comparison of the measured maximum electron con-

Se-doped Ga 3,IngN,As; _, film with x=0.024 grown on GaAs. centration with the calculated values as a function of N fractions in
Ga, _3,In3,N,As; . Two different cases of the calculatagl,, are

well (within 20%) with the free-electron concentrations ob- shown: one included effects of downward shift of the conduction
tained by Hall effect measurements. For simplicity, hereafband only(dashed curveand the other included both the band shift
ter, we refer to both the Hall and ECV measured concentraand the enhancement of the density of states effective fsatid
tions as the free-electron concentration. Since the Se atomf&rve. The calculatedy,,, for samples with no Ni.e., the effects
concentrations in these films are at least an order of magnftom the band gap lowering produced by In incorporation only are
tude higher than the free-electron concentraﬂ%the mea- considereglare also shown in the figurglotted curvé The shaded
sured free-electron concentration shown in Fig. 3 can be corfrea indicates the range of Se concentration in these samples.
sidered to be the maximum achievable free-electro
concentratiom,,, for the specific growth conditions. Figure
3 graphsn,. VS X; Npay iNncreases strongly witk with a
maximum observed value of X710'° cm™3 for x=0.033.

"rhis value is ca. 28 that observed for a GaAs film (3.5
X 10" cm™3) grown under the same conditions.

It has recently been shown that incorporating small
amounts of nitrogen leads to a dramatic reduction of the
fundamental band gap in group I1I-V semiconductb&In
100 T T Ty Gay 34Nz N,As; _, it is known that the band-gap reduction

P ] exceeds 180 meV per atomic percent N. Within the ampho-
teric defect model, this band-gap reduction would lower the
conduction-band edge with respectipg and an increase in
Nmax Would be predicted. Recently Shenal?! have shown
that the band-gap reduction in IlI-N-V alloys is caused by a
b i splitting of the conduction band into two nonparabolic sub-
‘:“ ] bands induced by an anticrossing interaction between a nar-
: 3 ] row band of localized N states and the extended coér%gg@ction-
(6% 0n0sse0ge t00enes, o . T band states of the host semiconductor matriX.

pretest s Application of that model here enables us to make quantita-

\ tive predictions of the x dependence ofng, in
l‘ Ga1—3x|n3xNxAsl—x-
~+-0.0 P The anticrossing model has been described in detail
- 0.012 e elsewheré?2we only show here the points essential to the
--0.024 o ] modeling ofn,,,. Due to its size mismatch with the host
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—+-0.033 i lattice, N forms a localized state whose repulsive interaction
; with the conduction-band states splits the conduction band of
; ‘ a llI-N-V alloy into two subbands. Application of simple
1000 05 10 '115' Y Y perturbation theory yie!ds the dispersion relations for the up-
depth (um) per and lower conduction subbands, andE_:

. ' 1
FIG. 2. Free-electron concentration profiles for the _ 2 2
(k)= z[En+ + — +
Gay_3,Ing,N,As; _, alloys films withx=0-0.033 measured by the E.(k) 7 LEn En(k) = V[En—Eu(K) 1+ 4C3 ],
electrochemical capacitance-voltage technique. (1)
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2.2 0.07m, (the value in GaAs and Egp.—=Erst1.0 eV
i (which reproduces . in our GaAs film. The results are
o [ 1 shown as the dashed line in Fig. 3. Although a substantial
L increase imy,, is predicted, the curve lies well below all of
- the experimental points, indicating that there is an additional
2 18l ] mechanism responsible for the increasejp,.**
= - We therefore consider the N-induced change in the den-
% sity of states as reflected through the changes of the effective
g 16 mass. Using Eq.1) it can be shown that the energy-
[ dependent effective mass for the N-modified conduction
| band i$?
1.4
As 2
i 0.005 *~0.995 = my| 1+ M 3
| - NS OFI T RIS BT ST ST R (EN—E)2
-15 -10 -5 0 5 10 15
Wave vector (10° cm™) and the modified conduction-band density of states is
FIG. 4. The band structure of a GghyAsy 995 alloy calculated m:;\‘/{z ( CIZ\IMX ) ( CIZ\IMX )1/21
using the band anticrossing model showing the splitting of the con- D(E)= 1+ E+ — ,
duction band into two nonparabolic subbarls(k) and E_ (k). V27?18 (EN—E)? (E-En)
The dashed and dotted lines represent the unperturbed conduction (4)

band of the host semiconductor matix, (k) and the dispersion-

less, highly localizedEy, level. The shaded area represents the ap\Where my is the electron effective mass in the parabolic
proximate maximum energy location of the Fermi eneiyy . conduction band of the semiconductor matrix. As can be

seen from Eq93) and(4), the effective mass and the density
where Ey is the energy of theN level, Ey(k)=E, of states depend very strongly on the electron energy relative
+k?/(2my,) is the standard parabolic dispersion relation fort0 the localizecEy level. S
the host semiconductor matrix with the electron effective USing Ed.(4) in the Fermi-Dirac integralEq. (2)] we
massmy,, and Cyy is the matrix element describing the calculaten,,,, considering both the effects of band-gap re-

coupling between states and the extended stete&lt has  duction and the increase in the effective m&sagain, we
been found previously thaEy lies 1.65 eV above the assume that the Fermi level is pinned at a maximum location

valence-band maximum and Cyy=2.7 eV in ©Of 1 eV above the Fermilevel stabilization eneigys when
Ga_,In,N,As; , at small values of.22 The dispersion re- the dopant concentration is higher than the saturated electron

lation calculated with Eq(1) is shown in Fig. 4, demonstrat- concentration. As is shown by the solid line in Fig. 3, a very
ing that the incorporation of N leads to a significant distor-largeé ~enhancement of thenp,, is predicted in
tion of the conduction-band structure. Two aspects of thi€3@ -axINaxNxGa when all the modifications of the
distortion are important heré1) the formation of the lower conduction-band structure are included in th(aT calculations.
subband that causes the band-gap energy reductiori2and The thgory accounts quite well for the expenmentally ob-
the considerable flattening of the lower subband near it§€rved increase of the electron concentration witWe note
minimum leading to a large enhancement of the electrorthat the predicted value ofy,, was not reached in our films.
effective mas$® We have also indicated the approximate We attribute this difference between expenmen';al and theo-
maximum energy location of the Fermi energy Erst 1 retical results to the compensation apd passivation of donors
eV) corresponding to tha,,, measured in the GaAs sample by N-related defects and H present in the samples.
without N in Fig. 4(shaded area In addition, elgctron mobility in th_e Se-doped
We examine initially the effect of the band-gap reduction G -3xINaxNxAs;_x films was found to be in the range
only. Within the amphoteric defect model, we would expect20—60 crid/V s from Hall effect measurements. This can be
that the band-gap reduction with increasinghould lower  attributed to the strong alloy disorder scattering which is
the conduction-band edge with respecEia;. A largern,,,, ~ almost three orders of magnitude more effective than the
would then be predicted. We make quantitative predictionscattering in standard semiconductor alloys, as well as to the
as follows. The maximum electron concentratigs,, is cal-  enhanced electron effective mass in these affég8These
culated from the Fermi-Dirac integral values of electron mobility in the Gas,InsN,As; _, alloys
are to be expected from the N modified conduction-band
°° structure and are similar to those for holes in GaAs with
Nmax™ jE OD(E)fO(EaEFmaX)dEv (2) similar mass.

- In conclusion, we show that the N-induced modification
where E_(0) is the conduction-band edg&(E) is the of the conduction-band structure leads to a large increase in
conduction-band density of states, ahf{E,Erna) IS the  the maximum attainable free-electron concentration in the
Fermi-Dirac distribution function. Initially, we evalua®{E)  group IlI-N-V semiconductor alloys. A more than one order
using the energy position of the conduction-band edge calef magnitude enhancement of the maximum electron concen-
culated by Eq(1) as a function ok, an unperturbed density tration has been found in the Se-doped, Gglnz N, As;
of states with a fixed conduction-band effective mass ofalloy with only 3.3% of nitrogen. The results are consistent
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