
A study of the vertical transport of electrons in (GaAs)n(AlAs)m superlattices by Fourier

transform infrared spectroscopy

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

1994 J. Phys.: Condens. Matter 6 93

(http://iopscience.iop.org/0953-8984/6/1/011)

Download details:

IP Address: 171.66.16.96

The article was downloaded on 11/05/2010 at 02:20

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/6/1
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


J. Phys.: Condens. Maner 6 (1994) 93-109. Printed in lhe UK 

A study of  the vertical transport of electrons in 
(GaAs),(AlAs), superlattices by Fourier transform infrared 
spectroscopy 

Yu A Pusep, A G Milekhin, N T Moshegov and A I Tompov 
Instilute of Semiconductor Physics, 630090 Novosibirsk Russia 

Received 17 June 1993 

Abstract The longiludinal optical vibrational mods have teen sNdied in (C~AS)AAIAS)~ 
supdartices by meam of m spectroscopy. In he undoped samples. mn6ned w phonons 
have been observed; the dispersion of w phonons obtained by FnR spectmscopy was in good 
agreement with !he Raman dak  In the doped (GaAs),(AIAs), superlaaices. coupling of 
confined vibrational w modes with superlaltice plasmom has been found. Analysis of the 
experimental resulls showed that the frequency of superlatticc plasmom in the superlanices 
studied is mostly determined by the population of the miniband formed by he r-lib conduction 
band states. The fining of lhe calculated reflection spectra to the experimental specIra allowed 
us to measure the population of the minibands, the effective mass and the venical mobility of 
electrons. 

1. Introduction 

Since the tirst discussion of the new properties of electrons moving normal to the layers in 
a semiconductor superlattice (SL) by Keldysh [l] and Esaki and Tsu [Z], only a few studies 
have demonstrated vertical electron motion through a Bloch-type miniband state 13.41. 
In these papers, the drift of carriers under an electric field has been studied, the results 
presented no evidence for the formation on the miniband structure by X-like electron states 
and were explained in terms of r - l i e  states associated with the r conduction band edges 
of GaAs and AlAs. However, a photoreflectance and photoluminescence study of the short- 
period (GaAs),(AIAs), SLS revealed weak structures that arise because of the pseudo-direct 
transitions caused by the XJiie states associated with the X, conduction band minima of 
AIAs [5]. 

In the present paper for the first time the vertical transport of carriers has been 
investigated in doped (GaAs).(AlAs), SLS (where n and m are the number of monolayers 
in the GaAs and AlAs layers, respectively) by means of Fourier transform infrared (FTIR) 
spectroscopy without application of an external electric field. 

In recent years, RIR spectroscopy has been intensively used to investigate the vibrational 
spectrum of SLs including the effect of quantization of optical phonons [6-91. It was found 
that a study of the transverse optical (To) and longitudinal optical (Lo) vibrational modes 
as well as measurement of their oscillator strengths is possible in SLS by this method; the 
latter is not possible using Raman spectroscopy. 

The use of FTIR spectroscopy with off-normal incidence of the light presents the 
possibility of studying Lo confined phonons in SLS and coupling of these phonons with 
collective electron excitations, i.e. plasmons that occur in doped SLS. At the appropriate 
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electric polarization of Lo confined phonons (normal to the layers). their coupling with 
the SL plasmons can be studied. Such a coupling should occur in the case of a partly 
filled miniband when the excitation of SL plasmons is possible. This case may be quite 
easy realized in a SL with sufficiently thin barriers. In the case of a SL with thick baniers 
(isolated quantum wells), electrons are strongly localized in wells and do not couple with 
Lo phonons polarized normal to the layers. 

The electron-phonon coupling in a SL leads to the appearance of new coupled SL 
plasmons, i.e. LO confined phonon vibrational modes [7]. We measured the frequencies 
of these coupled modes which depend strongly on the value of the frequency opz of SL 
plasmons in order to obtain the values of U+ for doped SLS. Such an analysis of the 
vibrational spectrum of plasmon-phonon excitations in a doped SL makes it possible to 
measure the density of electrons in minibands and mobilities normal to the layers. 

Yu A Pump et a1 

2. Calculation procedures 

The infrared spectra of a SL which reveal the optical properties of an anisotropic crystal 
with the axis normal to the planes of layers can be analysed by means of the dielectric 
response function tensor 

where the SL axis is taken along the z direction. 
In a short-period SL when the effect of quantization of optical phonons is responsible 

for the vibrational spectrum of the SL the components of the tensor (1) should be taken from 
the microscopic theory [lo]: 

where &; and 0:; are the frequencies of the confined To and LO phonons in layer A 
(A = 1 for G A S  and A = 2 for AMs), is the index of the mode, R,, and R,, are 
their oscillator strengths, E- and cmz are the principal components of the high-frequency 
dielectric function, and ri2 and r:;) are the damping constants for the corresponding modes. 

In the case of high transparency of barriers the collective plasma vibrations of 
electrons in a partly filled miniband along the z axis can be taken into account in a 
quite straightforward manner by adding the term - w i , / ( 0 2  + iypo) to (3) with the SL 
plasmon frequency opr = (4rrezn/~,m,)'/2 and its damping ypz, where n and m, arc the 
concentration and effective mass of free electrons in the miniband. 

The reflection spectra of samples under investigation have been calculated by means 
of the dielectric function tensor (1) and the formulae for the reflection of an anisotropic 
film on an isotropic substrate given in [ 111. The ratio n/ml  was obtained from fitting the 
calculated reflection spectra to the experimental spectra. Then the ratio determined in this 
way was compared with the same ratio calculated from the energy spectrum of the SL 

( A )  [AI 
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The miniband structure of the SLs has been computed using the envelope-function 
approximation when the boundary condition takes into account the difference between the 
effective masses in the well and in the banier [12]. The effect of non-parabolicity was 
included in the dispersion relation following the Kane relation 

h2kz f2m= E(1-k EfE,). 

The effective mass which determines the plasma vibrations of electrons in the miniband 
was computed via the formula 

m2 = h2k/(dE/dk). (4) 

As it tumed out, the minibands which can be filled by available doping in the SLS studied 
in this work can be formed by the r-like or X-like conduction band states of GaAs and 
AIAs. The influence of L valleys was neglected as they have a much higher energy. 

- - 390 6 O O F I  

3EO Figure 1. The disperrion of AMs U) phonons measured 
at 7 = MO K by infrared reRection spectra in 

0.2 0.6 0.6 0.8 he present work (0) and by Raman scarering (A) 
q 12nlol after [ I n  

In the following way we considered the minibands which arise owing to the Pi?, X- 
X and r-X electron transfer (here the first r or X is associated with the GaAs, and the 
second with the AIAs). The r-r and X-X processes are direct electron transfers while the 
r-X process may occur either through a transverse XT valley (indirect transfer) or through 
a longitudinal valley XL (pseudo-direct transfer). We did not consider indirect electron 
transfer because this needs a large value of electron impulse transfer that must lead to 
disappearance of the miniband structure. In the case of pseudo-direct kansfer the electron 
energy spectrum of the SL has been calculated using the treatment presented in [13], where 
the electron wavevector in the banier is given by the complex value of kz = k2r + ikli. 
where the real part kzr is determined by the location of XL minima (in the case of a SL axis 
parallel to the ~1001 direction, kzr = 2nf5.653 A-'). 

All the parameters of GaAs and AlAs used in the calculation were taken from [14]; the 
values of conduction band discontinuity for X valleys were taken from [15]. 

3. Experimental details 

The samples under investigation were grown by molecular beam epitaxy on doped (001) 
GaAs:Si substrates which caused an increase in the intensity of reflection as a result of the 
vibrational modes of the SL and eliminated inteIference due to the total thickness of sample. 
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Figure 2. The reflection specIra measured at 7’ = 80 K with ppolasizul light for two samples: 
(a) undoped (GaAs)&4lAs)~ and (b) doped (GaAs)n(ALAs)a with N = 5 x IOi7 em-’. The 
broken curves are the calculated spectn. The right-hand p a d s  show the wmputed e l m n  
energy spam in the corresponding SL (the full curves are lhe minibands formed by r u e  
states). The top of these panels consponds to an energy of 0.25 eV. The chain lines denote 
the Fermi energy in the r-r miniband smcfure. 

The doping of the SLs was achieved with Si donors. The p- and s-polarized reflection 
spectra were recorded using a Bruker IFS1 13V Fourier transform spectrometer equipped 
with an Oxford Instruments cryostat. 

Owing to the Berreman I161 effect at off-normal incidence, the resonance interaction 
of light with optical vibrational modes of layered structures such as a SL occurs at the 
frequencies of both To and Lo phonons. In ppolarized spectra, the To and Lo phonons are 
revealed while, in s-polarized specaa, only To modes can be observed. 

Initially we studied the Lo vibrational modes in the undoped samples with different 
thicknesses of layers. This made it possible to measure the dispersion of Lo phonons in the 
(GaAs),(AIAs), SLs; the results for AlAs are displayed in figure 1 together with the data 
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Figure 3. The reflection spectra measured a# 7 = 80 K at s- and p-polarized light for two 
doped samples (GaAs)2s(AlAs)~ with (a) N = 4 x IO" and (b) N = 5 x lo'* c K 3 .  
The right-hand panels are the same as in figure 2 with a Mp energy of 0.25 eV. 

obtained by Raman scattering [ 171. The comparison shows good agreement between the 
data obtained by FI?R spectroscopy and those from Raman scattering. In the following we 
used these results to determine the frequencies of Lo modes confined in the layers of doped 
SLS. 

4. Results and discussion 

The reflection spectra of some of the samples studied are shown in figures 2 and 3. The 
right-hand panels display the computed electron energy spectra. The p-polarized reflection 
specmm of undoped SLS (figure 2(a)) reveals the lines caused by the LOhW and TOA@ 

vibrational modes confined in both layers. 
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The reflection spectra of doped SLS are plotted in figure 2(b) and figure 3. The 
fundamental confined longitudinal modes Loll and L h  have been observed in the sample 
with thick barriers (m = 17). As follows from the calculated electron spectrum of this 
sample the electrons are located in completely filled narrow minibands and thus cannot 
couple with LO modes polarized in the z direction. 

It should be mentioned that the intersubband splitting in all SLS studied here was much 
larger than the frequencies of phonon vibrations and therefore the coupling of LO phonons 
with the collective intersubband electron excitations can be neglected 

The reflection spectra of doped SLS with thin barriers are displayed in figure 3. The 
s p e c "  with a low density of electrons presents all three coupled plasmon-phonon modes: 
one low-frequency L- mode and two high-frequency L r  and b+ mcdes originating from 
GaAs and AlAs layers, respectively. In a heavily doped sample, only two broad high- 
frequency L+ modes were found. 

The total concentration of electrons in the sample was used to determine the Fermi 
energy and thus the effective mass m, of electrons in the relevant miniband. Finally the 
vertical mobility pz of carriers in the SLs studied was calculated using this effective mass and 
the damping ypz of plasmons. It turned out that the best agreement between the measured and 
calculated ratios n / m ,  was obtained in the case when only r-r electron transfer was taken 
into account. If other types of electron transfer were taken into account, the discrepancy 
with experiment was much larger. 

The parameters of the doped SLs studied that were obtained in this way are collected in 
table 1. 

Thus in this paper we found that the frequency wpr of SL plasmons and as a consequence 
the vertical mobility of electrons in doped (GaAs),(AIAs), SLS is mostly determined by the 
population of minibands originating from r-like conduction band states. We did not find 
any significant influence of other types of electron state. 

5. Conclusion 

Coupled SL plasmon-Lo phonon vibrational modes in doped (GaAs).(AIAs), SLS have been 
studied. This made it possible to study the vertical transport properties of electrons in the 
SLs under investigation. The transition between isolated and coupled quantum wells was 
observed. Analysis of the experimental results shows that the frequencies of SL plasmons 
is mostly determined by the population of minibank formed by r-like electron states. 

Acknowledgments 

We would like to thank Dr E G Batyev and Dr V A Tkachenko for useful discussions. 

References 

111 Keldysh L V 1963 Sov. PhysAolid Sfufe 4 1658 
[Z] Esaki L and Tsu R 1970 IBM J, Res. D o ,  14 61 
[3] Sibille A, Palmer J F, Wang H and Moll01 F 1990 Phys. Rev. Lerr. 64 52 
141 Grahn H T. von Klitzing K. Plwg K and Whler G H 1991 fhys. Rev. B 43 12094 
(51 Matsuoka T, Nakazawa T. Ohya T. Taniguchi K, Hamaguchi C. Kat0 H and Watanate Y 1991 Phys. Rev, 

B4311798 



100 

161 Pusep Yu A. Milekhin A G, Sinyukov M P. Plwg K and Toropov A I 1990 JETP Left. 52 4M 
(71 Pusep Yu A, Milekhin A G and Toropov A I I993 Superlull. Mieros~mct. 13 115 
[SI Scamarcio G. 'hpfer L KOnig W, Fisher A, Plwg K, Molinari E, B a "  S, Giamoui P and Gironcoli S 

I91 Dumelow T. El Gohay A R, Hamilton A, Maslin K A. parlrer T I, Raj N, Samson B. Smith S P R, 

[IO] Chu H and Chang Y C 1988 Phys. Rev. B 38 12369 
[I  11 A m  R M A and Basham N M 1977 ENipsomtfy andPoluriredlighf (Amrlerdam: North-Holland) 
[121 Baslard G 1981 Phys. RN. B 24 5693 
[I31 Mukheji D and Nag B R 1975 Phys. Rev. B 12 4338 
1141 Inndolt-B6rnslein New Serips 1987 vol U, ed 0 Madelung and H Schniz (Berlin: Springer) 
1151 Solomon P M, Wright S L and lanza C 1986 Superlull. Microslrucf. 2 521 
[I61 Beneman D W 1963 Phys. Rev. 130 2193 
I171 Wang 2 P, Jiang D S and Plcag K 1988 Solid Stale Commun. 65 661 

Yu A Pusep et al 

1991 Phys. RN. B 43 14154 

Tilley D R, Dobson P J, Foxon C T B, Hillon D and Moore K 1990 Mater. Sa. Eng. B 5 205 


