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Abstract

Photoluminescence (PL) under a magnetic field (B = 0-12 T) has been
employed to determine the electron effective mass, m}, exciton radius, rexc, and
degree of localization of carriers in In,Ga;_,As;_,N,/GaAs heterostructures.
This study concerns nitrogen concentration values spanning from a very dilute
(y < 0.1%) to a full alloy (y = 5%) limit and indium concentrations x from 0%
to ~30%. For indium-free samples, we find that m? and rx. undergo a sudden
increase and squeezing, respectively, for y ~ 0.1%. For indium-containing
samples (x ~ 30%), m? and rex. show a sudden variation similar to that for
x = 0 but shifted to much higher N concentration (y ~ 1%). In addition,
in the N alloy limit the temperature dependence of the B-induced shift of the
PL peak position reveals that radiative recombination at low temperature is not
excitonic.

1. Introduction

Recently, nitrogen incorporation in In,Ga;_,As-based materials has attracted much interest
owing to the strong modifications exerted by N on the band structure of the host lattice [1].
These include a giant band gap reduction [1] and a decrease in the rate at which the band gap
depends on hydrostatic pressure [2, 3] and temperature [4, 5]. Moreover, a strong dependence
of the electron effective mass, m., on the nitrogen concentration has been found by a variety
of experimental techniques [6—14]. The introduction of N in the host lattice is also a source of
a high degree of disorder, which manifests itself in the optical properties of the material. This
leads to a sizable inhomogeneous broadening of the radiative transitions [4], to a large Stokes
shift between absorption and emission [ 15],and to the presence of localized states, which at low
temperature often dominate the emission spectra [4, 5]. Moreover, from a more fundamental
standpoint the highly disordered potential arising from the large fluctuations induced by N
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might undermine a representation of the crystal electronic states in terms of coherent Bloch
states with a well-defined k vector [16]. In turn, this could invalidate an effective mass scheme
for describing the electronic properties of In,Ga;_,As;_,N,.

In this paper, we report on a comprehensive study of the effects of a magnetic field (B = 0—
12 T) on the photoluminescence (PL) properties of In,Ga;_,As;_,N,/GaAs heterostructures.
Such study is aimed at the measurement of the properties of the bottom of the conduction
band (both curvature and localization degree) of N-containing samples. We describe first the
evolution of the electron effective mass and excitonradius, 7exc, in GaAs;_,N, epilayers with N
concentration varying fromy < 0.01%to y = 0.5%. In particular, by exploiting the capability
of post-growth hydrogen irradiation to finely tune the electronic properties of GaAs;_,N, [17-
21], we assess that a major change in m? and in re takes place within a very narrow
concentration interval centred at y = 0.1%. We consider then the magneto-PL properties
of In,Ga;_,As;_yN,/GaAs quantum wells, QWs, having x ~ 30% and y = (0.7-5.2)%. For
these samples, the electron effective mass (exciton radius) increases (decreases) with y up to a
N concentration equal to 1%, namely, an order of magnitude higher than that found in In-free
samples. We finally show how magneto-PL provides a clue to the localized versus delocalized
nature of the recombining carriers at low temperature in In,Ga;_,As;_,N, samples in the
alloy limit. Indeed, the shift of the PL bands induced by B decreases sizably and changes
its dependence on B from linear to quadratic on going from low to high 7. These findings
indicate that the PL emission at low temperature is determined by the recombination of loosely
bound electron-hole pairs in which one carrier is localized by N-induced potential fluctuations
and the other carrier is delocalized.

2. Experimental details

The samples considered in this paper were grown on (001)-oriented GaAs by different
techniques. One set of samples consists of four 0.5 um thick GaAs;_,N, epilayers (y =
0.043%, 0.1%, 0.21%, 0.5%) grown by metal-organic vapour phase epitaxy [22, 23]. The
sample with y = 0.1% has been hydrogenated at 300°C by a low energy ion gun (beam
energy ~100 eV). Another set of samples were grown by solid source molecular beam
epitaxy and they consist of 300 nm thick GaAs;_,N, epilayers having y < 0.01% and
In,Ga;_As;_,N,/GaAs single quantum wells having x = (25-42)%, y = (0.7-5.2)%,
and QW thickness L = 6.0-8.2 nm. The sample composition and thickness were determined
by x-ray diffraction measurements. PL measurements have been carried out in a liquid He
optical cryostat for 7 ranging from 10 to 200 K. The magnetic field was applied parallel to the
growth axis of the samples. PL was excited by the 515 nm line of an Ar* laser or the 532 nm
line of a vanadate—YAG laser, dispersed by a double 3/4 m monochromator, and detected by
a N-cooled Ge detector or by a N-cooled InGaAs linear array.

3. Electron effective mass and exciton size in GaAs;_,N,

We consider first the magneto-PL properties of GaAs;_,N, epilayers whose PL spectra at
low temperature and zero magnetic field are shown in figure 1. At the very early stage of
N incorporation in GaAs (N concentration less than 0.01%, bottommost curve in figure 1),
the PL spectrum is characterized by a number of sharp lines (linewidth ~0.5 meV) between
1.40 and 1.48 eV. These lines are attributed to carrier recombination from electronic levels
due to N pairs and/or clusters [22—28] and are superimposed on a broad band also related to
N incorporation. The luminescence intensity of these transitions varies from line to line and
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Figure 1. Low temperature (10 K) PL spectra of GaAs;_,N, epilayers with different y’s. E_
and (e, C) indicate the free-exciton and free-electron to neutral carbon acceptor recombinations,
respectively. (e, C)-LO indicates the longitudinal optical phonon replica of the (e, C) transition.

increases with y (not shown here). An exact assignment of each line to a given N complex is
made rather difficult by the strong dependence of the material optical properties on the growth
conditions, as extensively reported in the literature [24, 26-28]. Free-electron to neutral
carbon acceptor, (e, C), and free-exciton, E_, recombinations of GaAs are observed at 1.493
and 1.515 eV, respectively. As the nitrogen concentration is increased further (y = 0.043
and 0.1%), the energy of the excitonic recombination from the material’s band gap, E_, as
well as the (e, C) recombination band start red-shifting very rapidly, coexisting with and taking
in the levels associated with the N complexes. The energy of these levels does not change with
N concentration [22, 26, 27]. These features highlight the strongly localized character of the
N isoelectronic traps, in contrast to that of shallow impurities whose wavefunctions overlap at
smaller concentrations (10'°~10'® cm~3). Eventually at higher N concentrations (alloy limit,
vy > 0.1%) the GaAs;_,N, band gap keeps red-shifting [29] along with the C related states.

The dramatic variation of the GaAs host band gap upon N incorporation is accompanied
by other major effects on the electronic and optical properties of the lattice. Of all of these
effects the variation in the electron effective mass is one of the most controversial. A large
scatter in the data reported so far is found, indeed [6—14]. We describe now a method for
deriving the electron effective mass and exciton wavefunction extent in GaAs;_,N, by using
the effect of a magnetic field on the electronic states associated with the material’s conduction
band. In particular, we show how a controlled introduction of H in the lattice allows monitoring
the evolution of m} and re upon variation in the effective concentration of N present in the
samples.

Figure 2(a) shows the PL spectra of a GaAs;_,N, epilayer with y = 0.1% recorded
under different magnetic field values. Figure 2(b) shows the magnetic field dependence of the
energy for different recombination curves, whose attribution has been discussed previously.
PL spectra have been taken at about 30 K to reduce the contribution from donor—acceptor pair
recombination. On applying a magnetic field, all PL lines below 1.462 eV (open circles) remain
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Figure 2. (a) PL spectra at 7 = 30 K of a GaAsp.999Np.001 epilayer recorded under different
magnetic fields, B. (e, C) indicates the free-electron to neutral carbon recombination and E_
indicates the free-exciton recombination. Other recombination curves below 1.462 eV are related
to N complex states. (b) The B dependence of the peak energy of the different recombination bands
observed in part (a). Note that only the (e, C) and E_ transitions display a sizable shift with B.

pinned in energy, consistently with the highly localized nature expected for N cluster states.
In contrast, the E_ (full circles) and (e, C) (full squares) bands blue-shift with increasing B.
The behaviour of these bands with B is consistent with their extended nature. Similar findings
have been observed in all samples shown in figure 1.

As an example, the PL spectra of samples with y = 0.043% (dilute limit) and 0.21%
(alloy limit) are shown in panels (a) and (b) of figure 3, respectively, for different B values.
The B-induced diamagnetic shift, AEqg = E(B) — E(0), of the E_ and (e, C) recombination
lines is shown as a function of B in panels (c) and (d) of figure 3 for the two samples. The E_
band shifts with B at a lower rate than the (e, C) band, owing to the larger Coulomb attraction
between the electron and hole in the former case. Values of the electron effective mass, to
be discussed later, have been estimated by fitting (dashed curves; see panels (c) and (d) in
figure 3) the formula for the magnetic field dependence of the bottommost Landau level of
the conduction band, AEq = BB = (he/2m?)B, to the shift of the (e, C) transition in the
B-linear region of AE4 [30]. At zero magnetic field, A E4 extrapolates to a negative value,
of the order of kg7 /2, as found in other magneto-PL measurements of the B-induced shift of
free-electron to neutral acceptor recombinations [31-33]. This behaviour is usually attributed
to the change in the density of states of the system from three- to one-dimensional due to
the applied magnetic field. The continuous curves in panels (c) and (d) of figure 3 are fits of
AEq = aB? = ¢*(rZ)/(8)B? to the E_ diamagnetic shift in the low field regime (small
perturbation limit). r., and p are the electron—hole distance and the reduced effective mass
of excitons, respectively. At very low N concentration, « rapidly decreases by a factor of ~2
with respect to the value it has in GaAs and tends to saturate for y > 0.1%. This behaviour
matches well that found for m?. By using the m} values determined from the slope of the (e, C)
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Figure 3. Panels (a) and (b) show the PL spectra of GaAs;_yN, samples with y = 0.043%
and 0.21%, respectively, taken at different magnetic fields (7 = 30 K). (e, C) indicates the
free-electron to neutral carbon recombination and E_ indicates the free-exciton recombination.
Panels (c) and (d) show the B-induced shift value, AEq, of the (e, C) (full symbols) and of the
E_ (open symbols) peak energy, as a function of the magnetic field, for the corresponding samples
shown in the lower panels. The dashed (continuous) curves are fits of a linear (quadratic) B
dependence to the A Eq4 values of the (e, C) (E_) peak. Note that the data on the E_ transition in
the y = 0.21% sample have been derived from magneto-PL spectra recorded at higher laser power
to better determine the transition peak energy (not shown here).

transition and the diamagnetic shift formula A Eq = o B2, we get an estimate of 7. = (ra)

for each sample, to be discussed later!.

In order to follow closely the variation of m? and re with the N effective concentration,
we performed a study similar to that described above on a sample irradiated at different H
doses. As already reported by us, H tunes in a controllable and reversible way the electronic
properties of In,Ga;_,As;_yN, and GaP;_,N, [17-21, 34]. This is illustrated in figure 4
for a GaAs;_yN, epilayer (y = 0.1%). H irradiation leads first to a passivation of the N
cluster states (see the second curve from the bottom) and then to an apparent reopening of the
GaAs;_yN, band gap toward that of the GaAs reference (topmost continuous curve). As a
matter of fact, both the (e, C) and the E_ recombination bands converge to those of the GaAs
reference with increasing H dose, as shown by continuous curves in figure 4. On applying
a magnetic field (see the dashed curves in figure 4), the E_ and (e, C) bands blue-shift with
increasing B. Notice that the energy separation between these two transitions increases on
going from the H-free to the H-treated samples, due to a corresponding decrease in the tensile
strain with decreasing effective N concentration [35]. In fact, for decreasing N concentration

1" As for the hole effective mass, the increasing tensile strain with increasing y modifies the top of the valence band
character from prevalently heavy to light. We get an estimate of the hole mass () variation from the measured
change in the acceptor binding energy roughly estimated by the energy difference between the free exciton and the
(e, C) recombination by setting m; = 0.45 my as the starting point for y = 0%.
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Figure 4. PL spectra at 7 = 30 K of a GaAs( 999Ny 001 alloy treated with different hydrogen doses
dy. The bottommost and topmost spectra refer to an untreated GaAs;_, Ny and a reference GaAs
sample, respectively. Continuous and dashed curves indicate PL spectra taken under zero and 12 T
magnetic field, respectively. (e, C) indicates the free-electron to neutral carbon recombination and
E_ indicates the free-exciton recombination. Different laser power densities have been employed
for the different samples in order to highlight the presence of both (e, C) and E_ bands.

the top of the valence band acquires a more pronounced heavy-hole character and, in turn, the
binding energy of the acceptor impurity increases.

The energy shifts, A Ey, of the (e, C) and E_ recombination lines are shown as a function
of B in figures 5(a) and (b), respectively, for GaAs;_,N, (both untreated and hydrogenated,
full symbols) and for the GaAs reference (open symbols). The same analysis performed
for the untreated samples (see figure 3) has been applied to the hydrogenated samples. We
point out that the slope of the line fitting the (e, C) transitions increases with increasing H
dose until the value of the GaAs reference is obtained, as shown in figure 5(a). A similar
recovery of the pristine GaAs properties can be observed in the dependence of the exciton
diamagnetic shift displayed in figure 5(b). In particular, the inset of figure 5(b) shows a fit of
AEq = [e*(r2)/(8)]B? to the E_ data in the quadratic, low field region. Consistently with
the H-induced m} decrease, the exciton size increases upon hydrogenation.

Finally, figures 6(a) and (b) show, respectively, the electron effective mass and exciton
size as a function of the peak energy of the band gap exciton. We point out that sound values
of both m. (=0.065 mg, where my is the vacuum electron mass) and rex. (=15.3 nm, which
corresponds to an exciton Bohr radius ay*® = rexc/ /3 = 8.8 nm) are obtained for the GaAs
reference. Full dots refer to the GaAs;_,N, alloy with y = 0.1% for both the untreated sample
(grey symbol) and the hydrogenated samples (black symbols). The grey full triangles are the
m? and re values measured for non-hydrogenated samples with different N concentrations
(y =0,y <0.01%, y = 0.043%, 0.21%, and 0.5%). Both m? and re vary bi-uniquely
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Figure 5. (a) The energy shift with magnetic field of the free-electron to neutral carbon
recombination (e, C) for some of the samples shown in figure 4. The continuous curves are a
fit to the data by AEq = (he/2m})B. The electron effective mass m is derived directly from the
line slope. (b) The energy shift with magnetic field of the free-exciton recombination E_. The
samples considered are the same as in part (a). The inset highlights the low field part of the graph and
displays the E_ energy dependence on B2. The straight lines are a fitof AEg = [ (rc2h>/(8“)]B2
to the data, where (rezh) is a fit parameter.

with the sample band gap energy, that is, they depend on the effective N concentration in the
crystal regardless of how this concentration has been achieved (either by N incorporation in
GaAs or by H irradiation of GaAs;_,N,). Most importantly, these findings allow monitoring
the evolution of the electronic properties of GaAs;_,N, in a virtually continuous manner. In
particular, the electron effective mass increases very rapidly from the GaAs value (=0.065 m
as derived here) to ~0.13 m for E_ ~ 1.48 eV and reaches slowly a value of ~0.14 m, for
E_ ~ 1.4 eV. Accordingly, the exciton size undergoes a shrinking with increasing N effective
concentration and varies from rexc = 15.3 nm in GaAs to 9.5 nm in GaAsg 995Ng.005. The fast
decrease in rex. provides further evidence that N-induced localization effects start at very low
values of y.

4. Electron effective mass and exciton size in In, Ga;_,As;_,N,

We now describe magneto-PL measurements performed on In,Ga;_,As;_,N,/GaAs QWs
having 0.007 < y < 0.052.
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Figure 6. (a) The electron effective mass dependence on the free-exciton peak energy at 10 K. Full
dots refer to an untreated (grey) and hydrogenated (black) GaAs(.999No 001 samples; grey triangles
refer to GaAs;_yN, epilayers with different y values. (b) The exciton size dependence on the
free-exciton peak energy at 10 K. Symbols have the same meaning as in part (a). Dashed curves
are guides to the eye.
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Figure 7. The diamagnetic shift, AEq4, measured at 7 = 100 K in an Ing32Gag 63 As0.973No.027
QW (full circles) and in an Ing 3, Gag g As reference QW (open circles) versus magnetic field B.
The continuous curves are fits of equation (1) to the data (the values of the only fitting parameter 1
are 0.039 mq and 0.049 mq for y = 0 and 0.027, respectively). The inset shows the PL spectra of
these two samples at representative magnetic field values. Multiplication factors are given. Laser
power density P =20 W cm~2.

The inset of figure 7 shows the PL spectra recorded on an Ing 30Gag s Aso.973No.027 QW and
an Ing 3,Gag ¢gAs reference QW for representative B values. The PL spectra have been taken
at relatively high temperature (7 = 100 K) in order to eliminate the contribution of localized
states as will be discussed in the next section. In both samples the PL intensity increases with
increasing B due to a squeezing of the exciton wavefunction in the plane perpendicular to the
field direction. The diamagnetic shift of the PL peak energy E,, is shown in figure 7 for the two
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Figure 8. Lower panel: the N concentration dependence of the electron effective mass m for
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and x = 0.38 (M) and taken from the literature (open symbols). PL data have been taken at
T =180 K (y = 0.007 and 0.011), and at 7 = 150 K (y = 0.027 and 0.052). Upper panel: the
N concentration dependence of the exciton radius, rexc, for the samples studied in this work (full
symbols: x = 0.25 (@), x = 0.32 (A), x = 0.34 (¢), and x = 0.38 (H)).

samples as a function of B. The presence of a few per cent of N atoms leads to A E4 values
quite a bit smaller than those measured in the reference QW.

In our samples, the magnetic energy hiw. (=heB /1|, 4| being the exciton reduced mass in
the plane perpendicular to B) for Ing3Gag7As is about 18 meV at 6 T, that is, of the order of
the expected exciton binding energy (~10 meV). Therefore, the linear B (Landau levels) or
the quadratic B? (perturbation theory) usual approximations do not hold over the whole (0—
12) T field interval investigated here. Then, we analyse the diamagnetic shift data by using a
numerical method proposed by MacDonald and Ritchie [36]2, for two-dimensional Coulombic
systems at arbitrary magnetic fields. On the basis of this model the diamagnetic shift can be
written in terms of a two-point Padé approximant

7 5
AEy(B;z) = Z piz' ZQka, (D
i=0 k=0

where p; and g are numerical coefficients whose values can be found in [36], z =
(e21n°B)/ (uﬁe%), and ¢ is the material dielectric constant. A very good agreement is found

between the experimental data and the theoretical fits (see continuous curves obtained using
() as the only fitting parameter) for both samples shown in figure 7—as well as for all the
other In,Ga;_,As;_,N, samples investigated here.

We now estimate from our 1 data the electron effective mass and compare it with the
experimental results reported in the literature for In,Ga;_,As;_,N, with high x (>10%) [11-
14]. To this end we set the in-plane heavy-hole effective mass equal to 0.12 my, as reported
in [37] for samples similar to ours. Then, we get the m} values shown as a function of y
by full symbols in figure 8. Data reported by other authors are shown in the same figure
by open symbols. For y < 0.01, m? increases rapidly with y, as found in [11-14] on the

2 Note that excitons in the present samples have an enhanced two-dimensional character because of the strong
confining potential provided by the high In concentration (x ~ 0.3) in the QWs. In addition, a reasonable criterion
for establishing the applicability of the model of [36] to real QWs is that the magnetic length should be greater than or
about equal to the QW thickness [55]. In our experiments the magnetic length (=25.7/+/B nm) reaches a minimum
value of 7.4 nm at the highest field employed (i.e., 12 T). It is, therefore, larger than the thickness of our QWs for
most of the field intensities employed.
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grounds of different experimental techniques, and seems to saturate at high N concentration.
The exciton radius can be estimated in the limit of a true two-dimensional system as

Fexe = /(r3) = /3/8a* [38], where af* is the exciton Bohr radius calculated by using
the exciton reduced mass p| derived from the experimental data. The dependence of rc. on
nitrogen concentration is shown in the upper panel of figure 8.

We note that in In-containing samples the dependence of m} and re on nitrogen
concentration displays a rapid change starting from much higher y values as compared to
the GaAs;_,N, case (see figure 6). This is most likely due to the greater energy distance
between the CB resonant level of N and the bottom of the CB of the In,Ga;_,As host with
respect to that of GaAs. As a consequence, this reduces the interaction between the N level
and those of the host lattice conduction band for x £ 0 [1].

To conclude this part, we would like to discuss briefly some implications of our effective
mass measurements. In particular, one might wonder whether an envelope function approach
can be used to derive an electron (and exciton) effective mass when the introduction of N atoms
in the In,Ga;_, As lattice strongly perturbs the periodic potential with an ensuing mixing of
different k vectors in the electron wavefunction. In fact, Mattila et al [39] have shown that the
electron wavefunction at the conduction band edge has a 42% non-I" character for y = 0.8%,
which results in a sizable wavefunction localization and in intrinsically short electron diffusion
lengths. However, the conduction band edge state has an extended character far away from
nitrogen and allows those authors to discuss the dependence of the electron effective mass of
this state on nitrogen concentration [39, 40]. In addition, the values of the electron effective
mass derived here are in good agreement with those reported in the literature and derived by
different experimental techniques. This supports the applicability of an effective mass scheme
for describing the electronic properties of the In,Ga;_,As;_,N, highly disordered system.

5. Single-carrier localization investigated by magnetophotoluminescence

In In,Ga;_,As;_,N, recombination from localized states dominates emission processes at
low temperature [4, S]. As a matter of fact, in semiconductor alloys local fluctuations in
the composition lead to an exponential tail of localized states within the crystal forbidden
gap [41, 42]. The preferential occupancy of these low energy states by carriers at low T
is responsible for asymmetric photoluminescence spectra [4, 5, 43—49], a blue-shift of the
PL peak energy as the excitation power increases [5, 46—49], a decreasing emission decay
time of PL with increasing emission energy [44, 47-51], and a non-monotonic dependence of
the PL maximum energy on temperature [4, 44, 48, 50]. Usually, it is assumed that radiative
recombination from states induced by composition disorder is excitonic in nature. Very recently
this picture has been questioned for GaAs;_,N,, where the fast rise time (~25 ps) of the PL
signal was used to establish that radiative recombination occurs between localized electrons and
delocalized holes [52]. Alternatively, the degree of localization and/or confinement of carriers
in semiconductor heterostructures can be investigated through the dependence of carrier energy
levels on B as measured by means of magneto-PL. The inset in figure 9 shows the PL spectra
for representative B values recorded on an Ing 25Gag 75 Asg.9080No.o11 QW. At T = 30 K the PL
lineshape shows a long low energy tail characteristic of localized state recombination, which
is absent at 7 = 180 K where emission is dominated by free excitons. The diamagnetic shift,
A Ey, of the PL peak energy is shown in figure 9 as a function of B for the two measurement
temperatures. The high 7' data have been fitted by using equation (1) (dashed curve in the
figure) where the exciton reduced mass is the only fitting parameter [36]. Equation (1), which
holds for two-dimensional Coulombic systems, does not fit the low 7 dependence of A E4 on
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Figure 9. The diamagnetic shift, A Eq, of the PL peak measured in an Ing 25Gag 75A50.989No.011
QW at T = 30 K (full dots) and 7 = 180 K (open circles) versus magnetic field, B. The dashed
curve is a fit to the 7 = 180 K data for a model for two-dimensional Coulombic systems at
arbitrary magnetic fields; see [36]. The continuous line is a fit to the 7 = 30 K data (B > 4 T) by
AE4 = (eh/2m) B, where my is the in-plane hole effective mass. The inset shows the PL spectra
at representative magnetic field values and different temperatures. Multiplication factors are given.
Laser power density P = 15 mW cm~2 and 20 W cm~2 for 7 = 30 and 180 K, respectively.

B, which is linear at least for B > 4 T. Moreover, it should be noticed that A Ey is higher at
low T than at high T for any value of B (a factor two for B = 12 T). This indicates that at low
temperature the recombining electron—hole pair is more loosely bound than an exciton, either
localized or free. Indeed, the interaction of these electron—hole pairs at low T with a magnetic
field results in a perturbation stronger than the Coulomb attraction and, therefore, in a greater
diamagnetic shift with respect to the exciton case. Furthermore, we point out that:

(i) AEj,isindependent of T at high temperature where free excitons only contribute to PL,

(ii)) AE4measured atlow T decreases when very high power densities are employed (namely,
when free excitons start contributing to the PL signal),

(iii) these effects are absent in the N-free In, Ga;_, As QWs studied for comparison purposes.

On the basis of such observations, the PL emission at low temperature can be attributed
to recombination of a localized with a delocalized carrier®. As for the charge of the localized
carriers, one can invoke the model proposed first by Hopfield e al [53], who suggested that
N in GaP is an isoelectronic electron trap. Since N in GaAs shares several common features
with GaP:N, we argue that N in In,Ga;_, As behaves as an isoelectronic electron trap, too.
Consequently the potential minima due to N compositional disorder capture electrons with
which free holes can recombine, similarly to a free-hole to neutral donor recombination (this
is shown schematically in the inset of figure 10). Under this hypothesis the electron is strongly
localized and the shift of the PL peak with B can be ascribed entirely to the free hole, namely
AEy = (eh/2m})B where mj is the hole in-plane effective mass. The continuous line in

3 Recombination between uncorrelated electron-hole pairs would lead to non-exponential decay curves, contrary to
what is found here; see also [47].



S3198 A Polimeni et al

. AE(R),

L N e
[

0.2} B=OT /%7

By BT
0.1+ .. e

o *

9% 02 04 0.6

Figure 10. The dependence of the in-plane hole effective mass in In,Ga;_,As;_yN, as a function
of the In concentration, x. The dashed lines are the values of the in-plane light (upper line) and
heavy (lower line) holes, as estimated by using the Luttinger parameters; see [54]. The inset depicts
the recombination at low temperature occurring in Iny Ga;_,As;_, N, in areciprocal space scheme
at k ~ 0 for B = 0 T (continuous parabolas) and 12 T (dashed parabolas). N indicates a localized
level related to nitrogen insertion in the host lattice.

figure 9 is a fit of this formula to the T = 30 K data with m; = 0.074 mo.* A similar approach
has been used for deriving the electron effective mass from the B-induced shift of free-electron
to neutral acceptor recombinations; see the previous section. Figure 10 shows the m;} values
derivedinIn,Ga;_,As;_,N, QWs as a function of the In concentration. Since N incorporation
affects mainly the conduction band states [1], we compare the m; values derived here with
those of the heavy and light hole of the N-free In,Ga;_,As host. In fact, due to the different
type of strain, compressive in In,Ga;_,As;_,N, and tensile in GaAs;_,N,, in-plane heavy
and light holes should be considered in the former and latter case. The dashed lines in figure 3
are the In,Ga;_,As in-plane hole masses as estimated through the Luttinger parameters [54].
The good agreement of the experimental data with the hole curves supports our hypothesis
about the hole nature of the delocalized carrier.

6. Conclusions

We presented a comprehensive study of the magneto-PL properties of In,Ga;_, As;_,N,/GaAs
heterostructures. We measured the electron effective mass and exciton wavefunction extent
from the very dilute to the full alloy limit of nitrogen concentration. The electron effective mass
and exciton radius undergo a rapid increase and decrease, respectively, upon N incorporation
in the In,Ga;_, As host lattice. The N concentration onset of such a rapid variation depends
on the In concentration in the samples (namely, y = 0.1% for x = 0% and y = 1% for
x ~ 30%). The data presented provide clear-cut guidelines for theoretical models aimed at
describing the puzzling electronic properties of In,Ga;_As;_,N,. Finally, we showed that
magneto-PL sheds new light on the origin of the states from which carriers recombine at
low temperature. Indeed, the counterintuitive temperature dependence of the shift of the PL
peak position induced by B indicates that the PL emission at low temperature is due to the
recombination of electrons localized by the N-induced potential with delocalized holes.

4 As B approaches zero, A E4 deviates from a linear behaviour probably because of a residual electrostatic interaction
between electrons and holes.
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