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Formation of an impurity band and its quantum confinement in heavily doped GaAs:N
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Quantum confinement in Gaps,N,/GaAs quantum wells (0.089x<0.045) is studied using electrore-
flectance measurements. Formation of an impurity band due to heavy nitrogen doping and the quantum
confinement of an electron belonging to such an impurity band have been demonstrated. The formation of an
impurity band results in an unusual variation in the electron effective mass with nitrogen doping.

[. INTRODUCTION states in GaP:N and GaAs:N, but there are no bound states in
either GaAs:P or GaP:As. The lowest bound state of the N
Driven by their enormous technological potential for de-pair is 143 meV below the fundamental band gap in GaP:N
vice applications, GaAs «\N,, GalnAs _,N, and GaR_,N, (Ref. 8 and 7 meV in GaAs:N.Thus, the dilute alloy point
alloys have attracted a great deal of attention in recent year8f view is more appropriate for systems like GaAs:P or
When compared to conventional alloys, such as Ga®,, GaP:As which exhibit no giant bowing, whereas the heavy-
their electronic properties exhibit an abnormal compositiordoping picture is more appropriate for systems like GaAs:N
dependence, frequently referred to as “giant band-gap redu@nd GaP:N.
tion” and “giant bowing.”*~3 A few recent publicatiorfs’ In conventionah- or p-type doped semiconductors, heavy
have focused on the small-region of GaAs_,N, and doping brings about changes in many characteristics of the
GalnAs _,N, , where empirical models have been developedsemiconductors. Among the characteristics changed are the
to account for the experimentally observed abnormalities: thémpurity ionization energy, the fundamental absorption edge,
large band-gap reduction and the nitrogen-activated resonafite density of states in the vicinity of the band edges, the
state. Theoretical calculations have shown that in theéenergy of the fundamental gap, and the effective mass. Ef-
dilute-N limit of the alloy the band-edge state is largely lo- fects causing these changes are the Motetal-insulator
calized on N];’S and that this localization decreases with in- transition, the Burstein-Moss shift, band-tailing effects, and
creasing N’ A single nitrogen(N) impurity forms a resonant band-gap renormalizatioht. Some of these effects are not
state above the conduction bahdnd on increasing the im- €xpected in isoelectronic doping, whereas some are common
purity concentration a bound state associated with a partictfeatures merely exhibited in a different manner, which makes
lar nitrogen pair complex (NN is observed below the con- Systems like GaAs:N uniquely different from the more
duction band edge of GaAs, whereas a series of other pai¥idely studiedn- or p-type doped systems.
states (NN, i=3) are observed just above the conduction In this work, we have studied the electronic structure of
band edgé. In a similar system, GaP:N, multiple bound bulk GaAs_,N, and GaAs/GaAs (N/GaAs quantum
states associated with different pair configurations are obwells. In the latter, we shall demonstrate the effects of quan-
served below the bound state of isolated N at a doping leveé!m confinement on the electrons in an impurity band that is
1x 10 cm~2 or higher®~° On further increasing the N @ subject of great interest. Such a confinement has rarely
content, a comparable magnitude of the band-gap reductiopeen investigated even in conventionally doped systems. By
also occurs for this a”o%_lo The band_gap reduction can be f|tt|ng the Subband energy |eVe|S Obtained by e|eCtI’OI’ef|e(.)-
interpreted as resulting from the increased density of stat@nce measurements, we are able to determine the effective
originating from a convolution of the different N pair states mass and conduction and valence band offsets for
which merges with the conduction band minimum of GaP. GaAs —«Ny as a function o at room temperature, and to
From a different viewpoint, if in the very dilute alloy demonstrate the evolution of the conduction band edge from
regime one considers GaAsN and GaPN alloys as heavil{he heavily doped impurity regime to the dilute alloy regime.
doped semiconductors, their large band-gap reduction and

the associgted giant_bowing are easier to comprehe_nd. Il SAMPLES AND EXPERIMENTS
Heavy-doping effects in semiconductors have been studied
for decades. At a 0.1% doping levet@x 10'° cm3), the Samples were grown by gas-source molecular-beam epi-

band-gap reduction is-100 meV for eithern-type Si or taxy on semi-insulating100 GaAs substrates. These in-
n-type GaAs, and this reduction results from impurity bandclude five bulk GaAs_,N, samples withx=0.011, 0.013,
formation!* For GaAs_,N,, it is ~50 meV for 0.1% N 0.017, 0.023, and 0.033, all 1000 A thick with a 200 A GaAs
which is not at all surprising. In contrast, 0.1% P doping ofcap and a 2500 A buffer; and six GaAs/GaAgN,/GaAs
GaAs or As doping of GaP causes a negligible change in thewultiple quantum well(MQW) structures with the same
band gap. The key factor here is that N introduces boundtructure: 70 A well width, 202 A barrier thickness, repeated
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~0.02, the first intersubband transition energy is below the
seven times and capped by a 500 A GaAs layer. Tkeir bulk heavy-hole band edge. Thus, the first transition can only
values were 0.009, 0.012, 0.016, 0.020, 0.028, and 0.04%e from the first LH subband to the first conduction subband
respectively. For th&=0.016 MQW structure, a set of four (LH1—CB1). As for the higher transition, we identify it as
samples were grown with the well width being 30, 50, 70,the transition LH1-CB3. Other possible assignments could
and 90 A , respectively. Nitrogen compositions were deterbe HH1—CB1 and LH2—CB2. These possibilities can be
mined by high-resolution x-ray rocking curve measurementstuled out, because of the fact that the LH1 and HH1 separa-
It has been shown that even for the highest-N compositiofiion is too small to account for the observed splitting, and the
sample the GaAsN epilayer is still coherently strained by thepotential well is too shallow to form the second subband for
substraté?!3 Details about the sample growth and the x-raythe hole(except for the sample with relatively larg@. For
measurements can be found in a previous publicdfion. x>0.02, the heavy hole becomes confined. Considering the
Room-temperature electroreflectance spectra were measurtgt that the transition intensity is stronger for the HH state,
using a contactless electroreflectance technique and the ewe attribute the two transitions to HH2CB1 and HH1

perimental setup described in Ref. 5. —CB3 for x>0.02.
With the experimental values for the band-gap reduction
Il EXPERIMENTAL RESULTS oE4 for bulk GaAsN and the transition energié&; and

OE, for the QW’s, we solve for the conduction band effec-

Figure 1 shows electroreflectance spectra for a bulkive massm* and the band offset rati@Q. (defined asQ.
GaAsN and four GaAsN MQW samples. The spectrum for=5E./SEy, wheredE, is the conduction band offsetising
the bulk sample is qualitatively similar to spectra reporteda quantum well model with the effective-mass difference be-
previously*® except for the fact that the strain-induced va- tween the well and barrier taken into account. We have ex-
lence band splitting is now resolvédBecause the GaAsN trapolatedSE,(x) to x=0.009. The only assumption that we
layer is under biaxial tensile strain, the topmost valence bantlave to make is that the effective mass of the hole remains
is light-hole-like (LH) and the lower band is heavy-hole-like the same as that in GaAs(y=0.09 andm,,=0.377). Be-
(HH). The higher-energy feature is related to the GaAs cagause the N-induced perturbation to the valence band is
and buffer, and is not of interest to this study. The transitiorrather smalf this assumption should be reasonably sound, at
energies are determined by fitting the spectra to the standatdast wherx is not too large. We than obtain the composition
line shape function® Except for the sample with the lowest dependence of the conduction band effective mass, which is
x, all the 70 A MQW samples show two transitions below shown in Fig. 3(solid symbolg. We acknowledge that there
the GaAs band gap, labeled & and E,. For the x  could be some uncertainty in the values of the valence band
=0.009 MQW sample, the second transition is in the vicinityeffective masses in the above analysis. Therefore, we also
of the GaAs feature and so cannot be observed. Transitiocalculate the electron effective mass by assunipe 1 and
energies for all the samples are shown in Fig. 2. The quarallowing the barrier height to be a fitting parameter. These
tum confinement effect is apparent, as indicated by the inresults are included in Fig. 8open symbols and can be
crease in transition energy from that of bulk GaAsN. Accord-considered as the upper bound for the electron effective
ing to the results of band structure calculatidmepst of the  mass.
band-gap change occurring from the addition of N results To further verify our observations, we have studied the
from the lowering of the conduction band edge. Neverthe-dependence of transition energies on well width for a MQW
less, the valence band does move up a little in the region afample withx=0.016. Except for the narrowest wél nm),
low N content which means the band alignment betweentwo transitions have been observed in the electroreflectance
the GaAs and GaAsN is type I. As shown in Fig. 2, umtil spectra for the other three samplés 7, and 9 nm The
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FIG. 3. Electron effective mass of GaAsN, vs the nitrogen Well Width (nm)

compositionx. FIG. 4. Transition energies vs quantum well width for
GaAs _4N,/GaAs MQW's.

results are summarized in Fig. 4. Fitting the data to the quan- . .

tum well model, we getm*=0.43 andQ,=0.83, which =0.01, an impurity band has already formed. For the same

; _ _ doping level, if one compares the present situation to that for
agree very well with the results oh* =0.42 andQ.=0.86 A L ;
shown in Fig. 3 that were obtained for the 7 nm quantumdon_ors. In GaAs, it is understano!able w_hy_ the band-gap shift
well alone Is significantly smaller for N doping. This is becaud¢ the

' electron orbit radius of the pair state is significantly smaller
than the Bohr radius of a typical donor state, g@d the
IV. DISCUSSION concentration of the nitrogen pairs is lower than that for the
o . isolated centers. There is, however, a distinct difference be-
~ The most significant aspect of the results shown in Fig. 3yeen isoelectronic and charged doping. For charged doping,
IS that the effeCUVe mass Is at fIrSt mUCh greater than that fofhe donor System undergoes a meta|_insu|ator transition at a
in nitrogen doping. In fact, a large conducti%n band mass hagansition will never occur in GaAsN. In fact, up to the high-
also recently been observed in GalpAdN, ., but only for  estx=0.045, GaAsN behaves like a normal semiconductor.
one particular composition=0.022. The results of Fig. 3 |n Refs. 4, the band-gap reduction and its pressure depen-
are counterintuitive. Based on the p model, one would  dence in GaAsN were explained as being the result of repul-
eXpeCt that the effective mass for dilute GaAs:N should b%ion between the resonant N level and the GaAs band-edge
smaller than that for GaAs because of the band-gagtate, which implied that the lower staie is GaAs band-
reduction.> As will be discussed later, our results provide edge-like and the higheE, is N resonant-state-like. This
strong evidence for the formation of an impurity band intwo-level model has ignored the existence of the N pair

ties in GalnAsN alloys® . . _is that the pressure dependence of the GalnAsN band gap is
In conventional doping of semiconductors, an impurity rather similar to that of the pair states in either GaAs or

band starts to form when the doping level reachesng;,  GaP’'°where the pressure behavigonlinear and not fol-

where ng; refers to the Mott criterion defined a&ng: lowing any one of the critical pointshas been well ex-

=0.25(for GaAs,ng=1.27<10'° cm 3 andag=103 Ais  plained and modeled in terms of the deep impurity properties
the Bohr radius of the hydrogenlike donor sja®@n further  of N.2%2! Another implication of the repulsion model is that
increasing the doping level, the energy bandwidth increaseshe conduction band effective mass will increase with in-
and hence the effective mass decreases. For GaAs:N, areasing N doping, as a result of the coupling of the GaAs
though the impurity potential of a single N is too weak to conduction band to the dispersionless N resonant state,
generate a bound state, a closely separated N pair does reswliich is the opposite of our experimental results. In addition,
in a bound state with a binding energy about twice that typithe model required a delocalized conduction band whereas
cal for a donor. Considering each nitrogen pair as an impuexperiment® and theory 2 indicate the contrary. A modified
rity center, the pair concentration can be estimateth@s  version of the two-level model was proposed recefftlin
=m[N]?/(2N,), assuming N atoms are randomly distrib- Ref. 22, with the composition dependence of the interband
uted. HereN, is the density of the As siteg§N] is the N transition matrix element taken into account, the conduction
concentration, andn is the number of equivalent pair con- band effective mass was predicted to increase upx to
figurations =12 for the [220] pair9.? For x=0.01 or  ~0.03, and subsequently to decrease very slowly, in contrast
Npair=1.3x 10" cm™3, the average pair separation to the monotonic increase witk predicted by the original
(Npai) ~3is ~42 A. The electron binding energy for the pair two-level model of Ref. 4. Again, the prediction of this
is E,~7 meV, and the electron orbit radius can be estimatednodified two-level model does not agree with our experi-
using r=(2mrEy/42) " Y2 to be ~63 A. Based on this mental results. Two very recent theoretical calculafiofs
simple consideration, it is not surprising that even below have shown that the N resonant level interacts more strongly
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with the nearby GaAd4 points than with the GaAs band- a decreasing electron effective mass with increasing N dop-
edgel’ point. Thus, we believe that the behavior of theing is expected to occur.

higher-lying isolated nitrogen states does not play a major
role in the evolution of the conduction band edge.

We also notice that in GaP:N, at a doping level as high as  To conclude, we have studied the band structure of bulk
1x 10" cm 3 (x~0.04%)2%7° N atoms still behave like GaAsN and GaAsN/GaAs MQW’s near the fundamental
impurities in a semiconductor. Even at a level of 1 band gap. Formation of an impurity band due to heavy nitro-
X 107 cm 3 (x~0.4%) 2% one can still see the sharp tran- gen doping and the quantum confinement of an electron be-
sition lines from individual nitrogen pairs. In GaAs, forma- longing to such an impurity band have been demonstrated.
tion of the impurity band is evident at a significantly lower By analyzing the subband transitions in the MQW'’s, we ob-
doping levelx~0.1%. The explanation for this difference in tain the composition dependence of the conduction band ef-
behavior is that the N states are more localized in GaP, bdective mass: the mass, which is at first much larger than that
cause(1) the impurity potential is stronger ar(@) the GaP for bl_JIk GaAs, s_ubsequ_entl_y decr_eases on fgrther increasing
X-point conduction band mass is heavier. Therefore, théh€ nitrogen doping, which is precisely what is expected as a
critical concentration for impurity band formation is higher "€Sult of impurity band formation. We have thus shown that
in GaP:N. For GaAs:N, a transition from impuritylike to al- the ab"‘or”?a' conduction band-edge properties of GaAs:N
loylike behavior is expected to occur between0.01% and can be easily comprehended by regarding the dilute alloy as

x=0.1%, based on the fact that the linewidth associated wit# heavily isoelectronic doped semiconductor.
the fundamental band-gap transition as measured in elec-
troreflectance shows a sudden chaf@dactor of 4 in this
region but remains fairly constant elsewhert.is within This work was supported by the U.S. Department of En-
this transition region that the crossover from an increasing tergy under Contract No. DE-AC36-83CH10093.

V. CONCLUSIONS
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