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28 Electronic transport in n and p-type modulation-doped Gag 7Ing 3N 015A80.9s5 /GaAs quantum
29 wells are investigated using magneto-transport measurements in the temperature range

30 between T=1.8 and 32 K and at magnetic fields up to B=11 T. The momentum relaxation and
31 the quantum lifetimes (z,) of electrons and holes are obtained directly from the temperature
32 and magnetic field dependencies of the SAH oscillation amplitudes respectively. A detailed
33 analysis of quantum and transport life times indicates that the momentum relaxation of holes
34 is forward displaced in k-space whilst a large angle scattering mechanism is prominent for
35 the electrons. This discrepancy is believed to be due to scattering of electrons with nitrogen
36 complexes and to the lack of such a mechanism for holes.
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1. Introduction

Dilute nitrides, particularly the quaternary material system of GaInNAs/GaAs, have been
attracting a great deal of attention because of their potential applications in a variety of
optoelectronic devices [1-7]. Most of the work reported in the literature is concerned with
the optical properties. However, studies of electronic transport, particularly in GaNAs,

have also been reported [8-14].

It is predicted, theoretically, that the electron effective mass in GalnNAs is
increased compared to that in the host matrix, GalnAs, as a result of reduced parabolicty,
associated with nitrogen incorporation. The hole effective mass, however, is expected to
remain unchanged [15, 16]. Previous experimental work has been concerned mainly with
effective masses obtained indirectly from the analysis of transition energies [17-21],
quantum confinement energy [22, 23], exciton diamagnetic shifts [22], magneto-
photoluminescence [24] and energy-loss spectroscopy [25]. There are only a few
experimental studies reported in the literature where the electron effective mass is
obtained experimentally by direct methods, for example by using optically detected
cyclotron resonance technique [26]. There are only a few experimental studies

concerning the determination of hole effective mass [27-29]

In modulation doped 2-D III-V compounds, the Shubnikov-de Haas (SdH) effect
has been proven to be a powerful tool for the determination of the in-plane effective mass
m* and the quantum lifetime ( ;) of electrons [30, 31]. To our knowledge there is no such
study in dilute nitrides to date. The aim of the current work is to determine directly the
2D in-plane electron and hole effective masses and quantum and transport lifetimes in

modulation doped n and p type GaInNAs/GaAs quantum wells.

2. Experimental

The Gag7Ing3Noo15sASposs/GaAs quantum well samples were grown by the
Molecular Beam Epitaxy (MBE) technique onto semi-insulating GaAs substrates and did
not undergo either rapid or slow thermal annealing. The samples have three 7 nm wide
Gag7Ing3Noo15As0.985 wells, separated by 50 nm wide GaAs barriers. The 40 nm central
position of the barriers are doped (with Si for n-type, and with Be for p-type) and the

2
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remaining 5 nm on either side is undoped (spacer layers) as shown in Tablel. For the
transport measurements ohmic contacts were formed by using Au/Ge/In for the n- type
and Zn/Au for the p-type material. Magneto-resistance measurements were carried on
Hall-bar shaped samples as a function of both, temperature, in the range between 7 =1.8
and 32 K, and magnetic field, in the range between B= 0 and 11 T, in a cryogen free
superconducting magnet system (Cryogenics Ltd., Model no J2414). A constant current
source (Keithley 2400) and a nano-voltmeter (Keithley 2182A) were employed in the
conventional dc measurements. The current flow was in the plane of the electron gas and
the current through the sample was kept low enough to ensure ohmic conditions. Steady

magnetic fields were applied perpendicular to the plane of the samples.

3. Results and discussion

Figure 1 shows the magneto-resistance R, (B) measured at different temperatures
for both n and p-type modulation-doped Ga;.InNyAs;,/GaAs quantum wells. SdH
oscillations are clearly visible over the magnetic field range between B= 5 and 10 T. No
higher harmonics are apparent in the oscillations and the oscillation amplitude is reduced
with increasing temperature [32]. It is also evident that the oscillatory effect is
superimposed on a monotonically increasing component, which occurs as a result of
positive magneto-resistance in the barriers [33]. This may affect the accuracy of the
determination of oscillation amplitude, particularly at elevated temperatures. Therefore,
in order to exclude the effects of the background magneto-resistance (R;) and to extract
the SdH oscillations we used the negative second derivative of the raw magneto-
resistance data with respect to the magnetic field, i.e. (- éQR/éBZ) [30-33]. The oscillations
in the second derivative of magneto-resistance have well defined envelopes and
symmetrical about a horizontal line as shown at three different temperatures in figure 2.
The double-differentiation technique does not change either the peak position or the

period of the oscillations [33].

The period of the SdH oscillations has been obtained by plotting the reciprocal of

magnetic field (1/B,), at which the nth peak occurs, against the peak number (n).

http://mc.manuscriptcentral.com/pm-pml
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Provided that the carriers occupy only the lowest sub band, the plot of 1/B, versus n will
be a straight line as we observe in figure 3. The slope of 1/B, versus n plot yields the
oscillation period, A(1/B,) and the 2D carrier density (N,p) of each sample can be

calculated using [31, 33]

A(lj __ e _ eh 1)

B) mNyp m*(Ep —E)

where Er —E| is the energy difference between the Fermi level and the bottom of the first
subband. The results thus obtained for n and p type doped samples are n=2.68x10"* cm™

and p:1.32xlO12 cm?, respectively. The carrier density is found to be essentially

independent of temperature in the range from 7=1.8 to 32 K.

The in-plane effective mass m* can be extracted from the temperature dependence

of the SdH amplitude at constant magnetic field using [31-33].

2 s
T,sinh{Z”kBmTo}
A(T,By) _ heBy, ©
A(Ty.B,,) 2k o
8 Tp.sinh 27 kpm*T
heB,,

where A(T,B,) and A(T,,B,) are the amplitudes of the oscillation peaks observed at a
magnetic field B, and at temperatures T and T, respectively. In the derivation of equation
(2) the quantum lifetime of electrons is assumed to be independent of temperature [31,
35]. The relative amplitudes, A(T,B,)/A(T,,B,), are plotted in figure 4 for B=7.38 Tesla
and B=8.3 Tesla for n and p type samples respectively. The relative amplitude decreases
with increasing temperature as a result of the thermal damping [30, 36]. The in-plane
effective mass of 2D electrons and holes are then determined by fitting the experimental

data for the temperature dependence of A(T,B,)/A(T,.B,) to equation (2). We find

m: =0.084m( and mZ =0.155m( . We obtained similar values for all the magnetic fields

of measurements suggesting strongly that the in-plane effective mass is essentially

independent of magnetic field.
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Our electron effective mass for the n-type modulation-doped Gay 7Ing 3No.015A80.985
/GaAs quantum wells agree extremely well with those obtained for the same nitrogen
mole fraction by Heroux et al. [6] and Tomic and O’Reilly [16]. As for the hole effective
mass, our result for the p-type modulation-doped Gag7Ing3No015AS0.985/GaAs quantum
wells are higher than the theoretically estimated values by Wartak and Weetman [27, 28]
and our theoretical and experimental results that are obtained by using optical transition
energies [34]. This might be the result of heavy and light hole band mixing in p- type
material and the involvement of both heavy and light holes in the SdH oscillations. It is
worth noting that the SAH oscillation peaks in p-modulation doped material are broader
than those in the n-modulation doped sample which might be explained in terms of strain
induced band mixing in the valence band. Indeed our observed effective hole mass is
close to the range of values quoted for the heavy and light hole masses obtained by using

time-resolved and magneto-photoluminescence spectroscopy by Polimeni et al. [29].

The Fermi energies for the samples obtained from the oscillation period using
equation (1) together with the in-plane effective mass m* of 2D carriers are: Eg-E;=75.6
meV and 36.0 meV for the n and p type samples respectively. The quantum lifetime (z,)
can be determined from the magnetic-field dependence of the amplitude of the SdH
oscillations (i.e. Dingle plots) at a constant temperature provided that the carrier effective
mass is known [31, 33, 36]. Figure 5 shows typical plots for the Dingle plots for the
samples investigated. There agreement is excellent between the experimental data and the

straight line described by [31, 36], i.e.

[ A(T.B ).B~"*.sinh 7 | * ]
V4 et, B

q n

where y =27°k,T/ (hw,), @.(=eB, /m*) is the cyclotron frequency and C is a

constant. The quantum lifetimes, obtained from the slope of the Dingle plot using
equation (3) together with the measured values of m*, are 7,=0.051 ps and 7,=0.218 ps for
electrons and holes, respectively. These values remain constant within 2 % in the whole

temperature and magnetic-field ranges of the measurements. The quantum lifetime and
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quantum mobility (4 g=e T—Ci) for both electrons and holes are tabulated together with
m

the transport lifetime and transport (Hall) mobility (,, -, Tir ) in table 2.
m

Transport mobility in the n and p -modulation doped samples is determined, in the
ohmic regime, from the Hall measurements at liquid helium temperatures for the n and p
type doped samples, pe = 1100 cm?/Vs and py, = 3125 cm? / Vs respectively [34] are also
shown in table 2. Using the experimentally determine effective mass together with the
classical Hall mobility expression the transport lifetime 7. for electrons and holes as 0.043
ps and 0.275 ps, respectively. It is worth noting that both the quantum and transport

lifetimes of holes much higher than that of electrons. The transport -to- quantum lifetime

ratios of electrons is 7, /7, ~ 0.8 ; while the transport-to-quantum lifetime ratios of holes

is 7, /7, ~1.3 .Theoretical calculations relating the transport lifetime to the quantum

lifetime predict, in the extreme quantum limit, a 7/7, ratio greater than unity for small-

angle scattering and smaller than unity for large-angle scattering [31, 34, 37]. This implies
that in our p-type sample where 7, /7, ~ 1.3 the scattering of holes are mainly forward

displaced in momentum space, which is in agreement with the model where the Hall

mobility at low temperatures is limited by the interface roughness scattering [34]. In the n-
type sample where 7,/ 7, ~ 0.8 the dominant electron scattering is large-angle scattering.

This may be expected from scattering of electrons with higher mass nitrogen complexes
that occupy states below and above the conduction band [34]. Furthermore, it is evident
from table 2 that both the low temperature Hall and the quantum mobilities of holes are
significantly larger than electron mobilities suggesting that electrons in the conduction
band experience an extra scattering compared to the holes, in accord with models based on

scattering with nitrogen complexes occupying states below the conduction band [37, 38].

In order to determine whether the observed difference in the electron and hole
mobilities is intrinsic and associated with the disparity in their effective masses we carried
out a detailed modelling of the GasIn;.\NyAs;_y conduction (CB) and valence band (VB)
structures. The band structure of Ga,In;«NyAs;.,/GaAs QWs is calculated by solving the

http://mc.manuscriptcentral.com/pm-pml
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modified 8-band k.p Liittinger-Kohn Hamiltonian, including tetragonal strain and strong
coupling between the GalnAs CB and the localized nitrogen levels. The eigenvalue
problem is then solved by the transfer-matrix method, taking into account the interfacial
discontinuity condition [39, 40]. The valence band material parameters used for the
calculations are the ones of GalnAs [34-41]. As far as the CB is concerned, the energy

level of nitrogen ( E ) is assumed to be constant relative to the vacuum level. Moreover,
the coupling parameter in band anticrossing model (BAC), V,,, has been taken as

dependent on both In and N compositions. The details of theoretical model used in this
work is given elsewhere [34] and only calculated effective mass of carriers lying band
edge for el and hhl level in the GaInNAs quantum well are tabulated in table 2. The
calculation indicates that the presence of nitrogen induces strong perturbation mainly on
the conduction states by mutual repulsion between the CB-edge state and localized N

states leading to enhanced non-parabolicity of CB in GalnNAs. Therefore, the electron

effective mass is much higher in GalnNAs (m: = 0.084 m()) than the nitrogen free material
GalnAs (m: =0.054my) [34]. However, the nitrogen incorporation has negligible effect

on the valence band (VB), thus the calculated hole effective mass (mZ =0.105mg) is

independent of nitrogen in the composition [34]. In addition, the nitrogen induces the
flattening of the lower sub-band, giving rise to an enhanced density of states of electron at
CB edge. Therefore, the density of electrons is expected to be higher than that of holes in

the GaInNAs QWs with same nitrogen concentration as depicted in table 2.

4. Conclusions

The carrier density (Nzp), effective mass (m*), and quantum lifetime (z,) for
electrons and holes in n and p-type modulation-doped Gaj..InyNyAs;.,/GaAs quantum
wells have been determined from SdH oscillations. The two-dimensional (2D) carrier
density and the Fermi energy with respect to subband energy (Er — E;) have been
obtained from the periods of the SdH oscillations. The in-plane effective mass (m*) and
the quantum lifetime (z,) of electrons have been extracted from the temperature and

magnetic field dependencies of the SdH amplitude, respectively. The in-plane effective

http://mc.manuscriptcentral.com/pm-pml
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mass of electrons and holes at their measured Fermi energies are 0.084m¢ and 0.155mj
respectively. The quantum life time for electrons and holes in our n and p-type
modulation doped quantum wells are 0.051ps and 0.218ps respectively. A detailed
analysis of the quantum and transport life times indicates strongly that the momentum
relaxation of holes are forward displaced in k-space where large angle scattering is
prominent for the electrons. This discrepancy is believed to be due to scattering of

electrons with nitrogen complexes.
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Table 1. The structure of the n and p-type modulation-doped Ga;.InNyAs;.,/GaAs

quantum wells sample used in the studies.

©CoO~NOUTA,WNPE

11 Material Thickness (nm) Doping (cm™)

13 GaAs (Cap) 50 Si (n)/Be (p): 1x10"
15 GaAs (Barrier) 20 Si (n)/Be (p): 1x10"™ |
16 GaAs (Spacer) 5 Undoped
18 GayIn,N,As; , QW 7 Undoped > X3
20 GaAs(Spacer) 5 Undoped
21 GaAs(Barrier) 20 Si (n)/Be (p): 1x10"® p,
23 GaAs (Buffer) 50 Undoped

25 Semi insulating GaAs Substrate
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Table 2. Effective mass, transport and quantum lifetimes and mobilities for holes and

electrons

Sample 2D carrier Fermi level | Effective Effective Quantum Transport Quantum Transport

(Doping) density cm? (from mass mass lifetime lifetime mobility mobility
The first (Experiment) (Theory) Tq Tor uq(cmz/Vs) u"(cmZ/Vs)
subband)

1930: * * 0.051ps 0.043 ps 1067 1100

=0.084 =0.080

Gag7Ing3Noois | n=2.68x10" 75.6mev | e Mo | Me o

ASg.985 (1)

1931: " m;;z 0.155my ’"Z =0.105m, 0.218ps 0.275 ps 2473 3125

Ga0_7ln0_3N0_015 p=132X10 36.0 meV

Asg.o85 (P)
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Figure Captions

Figure 1. Magneto-resistance (R,,) as a function of magnetic field both (a) n and (b) p-
type modulation-doped Gag7Ing3No015A80.985/GaAs quantum wells measured at different

temperatures.

Figure 2. The second derivative of magneto-resistance with respect to magnetic field
plotted against the magnetic field. The double differentiation removes the background
magneto-resistance without affecting the position and the amplitudes of the oscillatory

component.

Figure 3. The reciprocal magnetic field (1/B,) plotted as a function of the oscillation peak
number. The straight line is the least-squares fit to the experimental data and the circles,
squares and triangles symbols correspond to the peak magnetic field data for (a) n and (b)

p-type modulation-doped samples measured at three different temperatures.

Figure 4. Temperature dependence of the normalized amplitude of the oscillation peak at
a fixed magnetic field of (B,) measured for (a) n and (b) p-type modulation-doped
samples. The data points are represented by the full circles. The full curves are the best

fits of equation (2) to the experimental data.

Figure 5. Determination of the quantum lifetime for (a) n and (b) p-type modulation-
doped samples. The data points are represented by the full squares. The straight lines are

the least-squares fits of equation (3) to each set of the experimental data.
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