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6. Magnetotransport in GaAs 

S-doped with tin 

6.1. Introduction 

High peak concentrations and narrow distribution thicknesses can be achieved with 5-doping 

in semiconductors. The ideal situation is when the doping atoms are confined to a single 

atomic layer in the host material. Due to diffusion and segregation phenomena the dopants 

tend to move away from the doping plane, producing a broader profile. Schubert et al.' 

reported the first truly ô-doped semiconductor structure with a narrow doping profile. The 5-

doped structures are usually grown by molecular-beam epitaxy (MBE) and the most 

commonly used doping atom is silicon2. The first observation of a 2 dimensional electron gas 

(2DEG) in a 5-doped layer was reported by Zrenner et al.3. 

Semiconductors in which the dopants are confined in a single plane of the host 

material have attracted much attention due to their technological applications and interesting 

physical properties. The structural and electronic properties of Si ô-doped GaAs have been 

investigated in great detail. Characterisation techniques like SIMS and CV profiling show that 

the measured thickness of the doping layer is limited by the resolution of the technique. 

However it can be concluded that dopants can be confined to within -15 Â, which 

corresponds to roughly three atomic layers, for samples grown under optimised conditions4. 

Typical for the 5-doped system is the high carrier concentration, which makes it different from 

other two-dimensional systems. This high carrier concentration makes it possible to study 

multi-subband effects. Nowadays, the high doping concentrations in §-doped systems become 

technologically important due to decreasing dimensions of semiconductor structures. 

The carriers released from the dopants in the S-layer are confined by the potential well 

induced by the ionised dopant atoms. In this chapter the first experimental study of Sn 5-

doped GaAs structures is presented. Tin has rarely been used for doping in GaAs because of 

its high segregation ability 5. The high segregation velocity of tin is a disadvantage for 

obtaining narrow 5-doping profiles. On the other hand, when doped in GaAs Sn is less 

amphotere compared to silicon. Therefore, it is possible to obtain very high electron densities 
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with many occupied electron subbands. The maximum electron density obtained equals 
8.4x10 cm" , determined by Hall measurements. At this high electron concentration even 
electron subbands at the L point are populated. In the first part of this chapter we present the 
results of a study of GaAs 8-doped with tin grown on singular substrates. 

A next step in structuring dopants is laterally ordering in the doping plane. Ordering of 
the dopants is an important step in the further control of the growth and the characteristics of 
semiconductors. In fully ordered doping layers, ionised impurity scattering and potential 
fluctuations will be absent. New physical effects can be expected in laterally ordered doping 
layers, like reduction of dimensionality from 2D towards ID. There are two main routes to 
obtain lateral ordering in the dopant layer. Coulomb interaction between ionised doping atoms 
during diffusion at the growth surface and attachment of the dopants at the step edges on a 
vicinal surface. A vicinal substrate arises from a misorientation of the substrate at a small 
angle, which results in step edges and terraces on the surface. The high segregation ability of 
tin compared to silicon turns into an advantage for growth on misoriented substrates. This 
may lead to ordering at the step edges. The growth on vicinal substrates is an appealing 
method to modulate the 2DEG with a periodic one dimensional potential, or even to produce 
an array of quasi-lD conducting wires. Control of the segregation of tin to the step edges is 
the key parameter. In the second part of this chapter the results of a study on Sn 5-doped GaAs 
grown on vicinal substrates are presented. We will show that it is possible to induce a 
significant anisotropy in the electronic properties when Sn is deposited on vicinal GaAs 
structures. The study of singular GaAs structures 8-doped with Sn served as a basis for the 
growth of structures on vicinal substrates. 

The last part of this chapter deals with the persistent photoconductivity effect in both 
the structures grown on singular and vicinal substrates. Many semiconductors exhibit 
persistent photoconductivity after illumination at low temperatures. Persistent means, in this 
respect, long lifetimes due to strongly reduced carrier recombination at low temperatures. In 
many m-V semiconductors the persistent photoconductivity is due to deep donor levels, the 
so-called DX centres. Also in our structures these DX centres play an important role. An 
increase in conductivity, as well as a decrease in conductivity was observed. The sign of the 
photoconductivity effect depends on the wavelength of the light and on the electron density of 
the structures. 
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6.2. GaAs 5-doped with tin on singular substrates 

6.2.1. Samples on singular substrate: experimental 

The GaAs(S-Sn) structures were grown by MBE at the Institute of Radioengineering and 

Electronics of the Russian Academy of Sciences in Moscow. On a semi-insulating GaAs (Cr) 

[001] substrate a buffer layer of i-GaAs (240nm) was grown. At a temperature of = 450 °C a 

tin layer was deposited in the presence of an arsenic flux. The structures were covered by a 

layer of i-GaAs (width 40nm) and a contact layer n-GaAs (width 20nm) with a doping 

concentration of silicon 1.5xl018 cm"3. The design density of tin in the S-layer smoothly 

varied from nD=3.0xl012 cm"2 in sample Nl up to nD=2.7xl014 cm"2 in sample N7. From each 

wafer a number of Hall bars and samples with van der Pauw geometry were prepared. 

The longitudinal resistivity pxx(T) of the structures was measured in the temperature 

range 0.4-300 K. Temperatures above 4.2 K were obtained using a bath cryostat, while 

temperatures below 4.2 K were obtained with a 3He cryostat. The Hall resistance pxy(B) for a 

field perpendicular to the 2DEG was measured in the temperature range 0.4-12 K in stationary 

magnetic fields up to 10 T. The magnetotransport data were measured using a low-frequency 

ac-technique. In addition, magnetoresistance and Hall effect experiments were carried out in 

pulsed magnetic fields up to 38 T at T= 4.2 K. The samples were immersed in liquid helium to 

ensure stable temperatures. Shubnikov-de Haas data were taken with the pulse magnet in the 

free decay mode, after energising the magnet to the maximum field value. The total pulse 

duration amounts to 1 s. The high-field magnetotransport data were measured using a dc-

technique with a typical excitation current 1=1-10 U.A. The high-field magnetoresistance was 

measured for a field perpendicular and parallel to the 2DEG. 

6.2.2. Selfconsistent calculation of the subband energies 

The energy band diagrams, wave functions and electron concentration in each subband can be 

calculated self-consistently by solving the Poisson and Schrödinger equations6. The 

bandstructure calculations were performed by Dr. R.A. Lunin from the Moscow State 

University. The electron wave functions (pi(z), and energies E;, can be calculated in the 

effective mass approximation with a ID Schrödinger equation: 
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Figure 6.1: Band diagram of sample N2. The energy is 

presented with respect to the Fermi energy. Electron wave 

functions (solid lines) for the different electron subbands 

(dashed lines) are also shown. The shaded rectangle in the 

bottom of the graph denotes the width of the doping sheet. 

h1 d2 

2m' dz' 
+U(Z) ç, (z)=Elçi (z) (6.1) 

where m* is the effective mass and the potential energy U(z) is given by: 

U(z)=Uc(z)+Uxc(z) (6.2) 

The electrostatic potential Uc(z) is determined by the Poisson equation: 

d\uc(z^ 
À 

(6.3) 
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Figure 6.2: Dispersion diagram for sample N2 at zero 

magnetic field and B=18T. The energy is calculated with 

respect to the Fermi energy. 

where Eo is the permittivity of free space and er is the relative dielectric constant. For GaAs 

er=13.1. The charge distribution p(z) is determined by summing over the negatively charged 

donors, no(z), the positively charged background acceptors, nA(z), and the electron density of 

the 2DEG, n(z): 

p(z)=e[nD {z)-nA (z)-n(z)] (6.4) 

The second term in equation 6.2 describes the exchange and correlation effects7. No analytical 
solution of the problem exists and therefore a self-consistent calculation is carried out by 
solving the Schrödinger and Poisson equations using an iteration algorithm, consisting of the 
following steps: 
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Ci 

Figure 6.3: Calculated total density of states for sample N2. At 

the sharp discontinuity in the DOS one electron subband is 

depopulated (right axis). The magnetoresistance measured at 

T=4.2K in parallel field for sample N2 is also shown (left axis) 

1) An initial potential is selected, the Schrödinger equation is solved and the energy levels and 
wave functions are obtained. In this calculation also conduction-band non-parabolicity 
corrections were included . 

2) The 2 dimensional electron subband densities nj(z) are calculated. For T=0 K the subband 

density ni is given by ni=m*/7rÄ2(EFermi-Ei). 

3) The Poisson equation is solved and an improved potential is obtained. The width of the 
dopant layer is chosen so that the electron density of the lowest subband equals the measured 
density derived from the SdH oscillations. 
4) The new potential is used to solve the Schrödinger equation again. This process is repeated 
until the difference between the old potential and new potential is smaller than a chosen value. 

As an example we present in figure 6.1 the calculated potential with the energy levels 
and the electron wave functions of sample N2 (see Table I for sample parameters). The shaded 
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rectangle in the bottom of the graph indicates the width of the dopant layer. In this calculation 

the width of the dopant layer was equal to 160 A. 

Magnetoresistance experiments in a parallel magnetic field are a useful tool to 

determine the number of occupied electron subbands in ô-doped layers. ' ' In case the 

magnetic field is applied parallel to the 2DEG, for instance in the y direction, the Schrödinger 

equation is given by: 

h2k] {hkx+ezBf h2 d2 ,u{z) 

2m* 2m* 2m* dz 
(p=E<p (6.5) 

where the potential U(z) is given by the sum of the electrostatic potential, calculated with the 

Poisson equation 6.3, and the exchange-correlation potential (equation 6.5). The self-

consistent solution can be written in the following form: 

E=El(hx) + £Tk) (6.6) 
2m 

where i defines the electron subband number and m*=0.07m0 (m0 is the electron mass). The 
electron subband energy Ej(kx) is shown in figure 6.2 at B=0T and B=18T for sample N2. 

The electron energy levels are shifted towards the Fermi level with increasing magnetic 
field. In B=18T the electron subbands i=3 and i=4 are completely depopulated. The total 
density of states (DOS) at the Fermi level increases with increasing magnetic field. The DOS 
increases with increasing magnetic field, because the slopes of the energy subbands at the 
Fermi level become less steep. A sharp singularity in the DOS is observed after an electron 
subband crossed the Fermi level (see figure 6.3). This sharp drop in the total DOS indicates 
the depopulation field of the depopulated electron subband. In figure 6.3 the calculated DOS, 
normalised at the zero field value, at the Fermi level for sample N2 is shown. Also the 
measured magnetoresistance in parallel magnetic field for sample N2 is included. When 
comparing the DOS and the oscillatory magnetoresistance a correspondence between the 
sharp discontinuity in the DOS and minima in the first derivative versus field of the 
magnetoresistance dp I dB can be observed. This will be discussed in more detail in the 
section about the experiments in parallel magnetic field. 

6.2.3. Experiments in perpendicular magnetic field 

For all samples we find that the Hall resistance pxy(B) is a linear function of the magnetic field 

and does not vary with temperature in the range 0.4-12 K. The electron densities of samples 

N1-N7 determined from the Hall constant, nH, range from 1.74xl012 cm"2 up to 8.4xl013 cm"2 
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Figure 6.4: a) Magnetoresistance oscillations pXx(B)-p„(0) of sample 

Nl at T=4.2K. The zero field value is p„(4.2K)=2.35kQ. b) Fast 

Fourier transform of the data in a). The numbers label the subbands (see 

Table II). 

(see Table I). The electron density 8.4xl013 cm'2, measured for sample N7, is one of the 

highest values obtained by 5-doping. The mobility of the structures as determined from the 

zero field resistivity value varies from 540 up to 1940 cm2/Vs (see Table I). At low 

temperatures (T< 4.2 K) a negative magnetoresistance was observed for all samples in low-

magnetic fields (B< 0.2 T), which is attributed to the suppression of weak-localisation effects 

by the field. In the remaining part of section 6.2 we predominantly focus on the samples Nl, 

N2 and N7, which have quite different electron densities of 1.74xl012, 14.5xl012 and 8.4xl013 

cm" , respectively. These samples may be considered as exemplary for our study of the Sn 5-

doped structures. 

As an example the magnetoresistance Apxx=pxx(B)-pxx(0) for samples Nl, N2 and N7 

is shown in the bottom frames of figures 6.4, 6.5 and 6.6, respectively. The values of 

pxx(4.2K) are 8.0, 1.35 and 0.17 kQ, for Nl, N2 and N7, respectively, which shows that pxx 

decreases with increasing carrier concentration, as expected. In all cases we observe 

pronounced Shubnikov-de Haas oscillations with several frequency components Fj, as most 

clearly follows from the Fourier transforms (figures 6.4b-6.6b). We have verified the two-
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Figure 6.5: a) Magnetoresistance oscillations pxx(B)-pxx(0) of sample N2 at 

T=4.2K. The zero field value is pxx(4.2K)=897Q. b) Fast Fourier transform of 

the data in a). The numbers label the subbands (see Table II). 

dimensional nature of these frequency components, by varying the angle 9 between the 

magnetic field and the normal to the ô-layer. The expected behaviour F(0)=F(0)/cos9 was 

observed. 

sample 

# (1012cm-2) 

nH 

(1012crn2) 
L nsdH 

(1012cm~2) (cm2/Vs) 

Nl 2.97 1.74 2.75 1530 

N2 8.90 3.59 8.73 1940 

N3 9.90 3.23 1.04 540 

N4 26.7 2.63 2.03 1080 

N5 29.7 10.4 6.15 1200 

N6 89.1 8.4 8.09 1150 

N7 267 84 44.8 1170 

Table I: The design doping density nD, the Hall concentration nH, the sum of the 

Shubnikov-deHaas concentrations SnSdH over all subbands and the Hall mobility (J.H 

at T=4.2K for samples Nlup to N7. 
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Inspecting the Fourier transforms of pxx(B) as shown in figures 6.4b-6.6b, we conclude 
that two and four frequency components, indicated by the peak labels (0-3), are present for 
samples Nl and N2, respectively. For sample N7 at least three, but possibly five frequency 
components are observed (figure 6.6b). Although, in general, some of the frequency 
components could be caused by higher harmonics and/or sum and difference frequencies, this 
is not the case here. For all samples the different frequencies can be associated with individual 
subbands, which is strongly supported by the band structure calculations. 

The Shubnikov-de Haas frequency is related to the electron density by nSdH=2eFj/h, 
where e is the electron charge and h is Planck's constant. The factor 2 results from the spin 
degeneracy, which is not lifted. The values for nSdH of the individual subbands of samples Nl, 
N2 and N7 are listed in Table n, where the label of the subband corresponds to the peak 
number in the Fourier transform. The sum of the values for nSdH of the different subbands 
(EnsdH) is listed in Table I for samples N1-N7. In these multiple subband systems the 
comparison of nH and nSdH is not straight forward, notably because nH depends on the densities 
and mobilities of the different subbands. For sample Nl, which has three occupied subbands, 
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Figure 6.6: a) Magnetoresistance oscillations pxx(B)-pxx(0) of sample N7 

at T=4.2K. pxx(0)=64Q at T=4.2K. b) Fast Fourier transform of the data 

in a). The numbers label the subbands (see Table II). 
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riH< nsdH, while for samples N2-N7 riH> risdH- The latter behaviour has also been reported for 

heavily Si 5-doped structures1 

As follows from the data in Table I ZnsdH is not a monotonous function of the design 

doping density. We emphasise that this is not due to inhomogeneities of the wafers, as 

samples cut from different parts of the wafer yield identical results (within 1%). The value of 

EnsdH is within a few percent equal to the doping density for samples Nl and N2, while for 

samples N3-N7 EnsdH is about a factor 5-10 lower than the design doping density. The 

difference between no and EnsdH becomes significant near no=lxl013 cm"2. We attribute this 

distinct difference to the formation of 3D tin islands at a doping density larger than -lxlO13 

cm"2. It is known that Sn may form 3D islands, depending on doping density and growth 

temperature13. The ability of Sn to accumulate into 3D islands has a strong influence on the 

mobilities of the electron subbands. This additional scattering mechanism hampers the 

observation of the electron subbands and therefore ZnsdH is smaller than the doping density. 

One of our most important findings is that the electron density does not saturate at large 

design doping densities, as is observed in the case of Si 5-doped structures14. This indicates 
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Figure 6.7: The calculated band structure for sample N7. The thick solid lines denote 

the potential wells for the T and the L points as indicated. The dashed lines indicate 

the energies Ei of the electron subbands at the F point. The dotted lines indicate the 

energies E; of the electron subbands at the L point. The shaded rectangle at the 

bottom of the figure indicates the thickness of the doping layer. 
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sample i subband TlSdH nCai m S d H 
M,"" B„ • cal 

# number (1012cm2) (1012cnV2) (cm2/Vs) (cm2/Vs) (T) (T) 
NI 0 1.76 1.75 670 790 - -

1 0.99 0.99 725 900 18.6 22.5 
2 - 0.30 - 1120 4 8.0 

N2 0 3.80 3.75 420 650 - -
1 2.40 2.68 - 710 - 45.3 
2 1.56 1.56 1000 1000 25.8 24.5 
3 0.85 0.67 2040 1620 12.6 12.5 
4 - 0.06 - 1170 4.4 3 

N7 0 11.2 11.06 - 217 - -
1 - 10.80 - 217 - -
2 - 10.38 - 218 - -
3 10.0 9.75 690 220 - -
4 9.09 8.87 830 225 - 43.9 
5 8.17 7.84 890 236 32.0 34.1 
6 6.3 6.68 - 258 26.6 28.7 
7 - 5.36 - 295 22.3 23.3 
8 - 3.91 - 359 17.0 17.8 
9 - 2.49 - 461 10.7 12.5 
10 - 1.32 - 509 5.2 8.0 

Table II: Experimental and calculated parameters for GaAs(ô-Sn) 

structures Nl, N2 and N7 at T=4.2K. nsdH is the electron subband 

concentration, p.,,sdH is the quantum mobility obtained from the 

Shubnikov-de Haas effect, ncal is the self-consistently calculated electron 

concentration, uq
ca' is the calculated quantum mobility, B, is the 

experimentally determined depopulation field and B,,ca' the calculated 

depopulation field. 

that the compensation mechanism, when group IV Sn atoms are incorporated on As sites, is 
not significant. 

In order to evaluate the electron quantum mobility u.q
SdH of each subband, the 

corresponding SdH oscillation was separated and a Dingle plot was made15. The resulting 

values obtained at T= 4.2 K are listed in Table H. A considerable variation in u.q
sdH over the 

different subbands is observed, which is best illustrated by the data for sample N2, where 

Hq
sdH ranges from 420 to 2040 cm2/Vs. The relatively low quantum mobilities of the different 

subbands are reflected in part in the width of the Fourier peaks. For the lower subbands, the 

values of Hq
SdH are similar to the values reported for Si 8-doped GaAs16. 

The electron quantum mobilities, which are limited by scattering on the ionised Sn 

impurities6'718, were calculated with the inclusion of multiple subband scattering. The 

screening of the Coulomb scattering potential was taken into account within the random-phase 
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approximation17. The calculated mobility increases with increasing subband number i and the 
results are listed in Table H For samples Nl and N2 the agreement between Hq

calc and u,q
sdH is 

quite good. 

Next we present the band diagrams, wave functions and for each subband the electron 
concentration, that has been calculated by solving self-consistently the Schrödinger and 
Poisson equations (see section 6.2.2). The resulting band diagrams for samples N2 and N7 are 
shown in figures 6.1 and 6.7, respectively. The thickness of the 5-layer is used as an adjustable 
parameter in the calculations and amounts to 160 A and 340 A for samples N2 and N7, 
respectively. This value is rather large compared to typical values for Si 5-layers19'20 (20-
100 Â), because of the ability of Sn to segregate5. Another mechanism, which might result in 
a relatively large width, is the repulsive interaction between the ionised impurities21. This 
enhances the segregation, especially in heavily doped structures like N7. The calculated 
electron densities for each subband, ncaic, are listed in Table II. For samples Nl and N2 the 
agreement with the experimental values of nsdH is very good. The results for sample N7 will 
be discussed later in this section. 

6.2.4. Experiments in parallel magnetic field 

Magnetoresistance experiments in magnetic fields parallel to the 5-layer allow one to 

determine accurately the number of occupied subbands and form therefore a useful tool for the 

investigation of 2D multi subband systems9'10'11. Normally the higher subbands, which have a 

low occupancy and mobility, can hardly be detected by the Shubnikov-deHaas technique, 

because at high perpendicular magnetic fields the energy of the Fermi level is already close or 

below the lowest Landau level of these subbands. In the parallel magnetic field configuration 

also these subbands are detectable. This method has been used for a variety of multi-subband 

2 dimensional electron gasses ' ' ' ' . 

When comparing the DOS and the oscillatory magnetoresi stance a clear 

correspondence between the sharp discontinuities in the DOS and the minima in the first 

derivative versus magnetic field of the magnetoresi stance dp I dB is observed (see figure 6.3). 

Like in Ref. 9,10 and 24 we take the minimum values of dp I dB as the experimental 

depopulation fields (By). This is based on the analogy between minima in dp I dB and maxima 

in dpldn, where n is the electron density. In this case the maxima in dpldn mark the onset 

of the occupation of a new subband with increasing n, which is related to the DOS. The 

calculated values are in reasonable agreement with the experimental values, as determined 

from dp I dB (see Table II). The differences between the measured and calculated 

depopulation fields are attributed to mobility changes, which are not taken into account25'26. 

These mobility changes are reflected in the smearing of the onset in the DOS of each subband. 

The broadening of the DOS singularity hampers the exact assignment of the magnetic field, 
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Figure 6.8: Magnetoresistance in parallel magnetic field for sample N7 at 

T=4.2K. The insert shows the first derivative dp/dB. 

where depopulation starts. The broadening of the depopulation in the magnetic field, AB, is 

defined as the difference between the field positions of the maximum and minimum in the 

magnetoresistance around the depopulation of a subband. In this way one can relate the 

broadening to the mobility of the depopulated subband. The energy broadening27 is given by 

r=4AB(EFermj-E1)/B||, where By is the depopulation field. This can be related via the 

Heisenberg uncertainty relation to a scattering time. For instance for sample N2, for the 

depopulated subband i=2, the scattering time T=l.lxl0"14s with a corresponding mobility 

|U.=275 cm /Vs. This mobility is almost four times smaller than the one derived from a Dingle 

plot. The reduced screening of the higher subbands in a parallel magnetic field measurement 

results in a lower mobility. 

The measurements with the magnetic field parallel to the 8-layer were performed for 

two different field directions, with B||I and B1I. The position of the minimum in dp I dB does 

not depend on the direction between the in-plane magnetic field and the current. For thin Si 8-

layers of approximately 20À a shift of several tesla was observed for the n=l subband 

depopulation field when the sample was rotated from B1I to B||I10. This anisotropy finds its 

origin in the anisotropic band structure in the plane of the 2DEG arising from the in-plane 

magnetic field. The effective mass for B1I becomes field dependent in contrast to the 

effective mass for B||I. The Lorentz force, acting on the carriers when the current is 

perpendicular to the magnetic field, gives rise to this field dependent effective mass. Tang and 
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Butcher ' calculated the effect on the transport coefficients. This mass dispersion has been 

experimentally observed via grating coupler-induced plasmon resonances in GaAs 

heterojunctions28. For thick Si 5-layers no current direction dependence was observed. Our 

measurements on Sn 5-layers are in agreement with the latter observation. 

The highest electron density was obtained for sample N7 (nH=8.4xl013 cm"2). In the 

Fourier spectrum of sample N7 (figure 6.6b) the largest peak is observed at 207 T with a 

shoulder at 232 T. This peak corresponds to subbands 0-3 with electron densities 9.75-

ll.lxlO12 cm"2, according to the bandstructure calculation. These high electron subband 

densities are indicative for the multiple occupied subbands in this heavily doped sample. This 

is confirmed by the parallel magnetic field measurements, shown in figure 6.8. In a field of 38 

T six electron subbands are depopulated as illustrated by the inset. In the SdH effect and its 

Fourier transform (figure 6.6b) we do not observe the higher electron subbands (labelled 7-10 

in Table H). This is because at high perpendicular magnetic fields the energy of the Fermi 

level is already close or below the lowest Landau level of these subbands. At low magnetic 

fields no subbands are observable due to the poor mobility. 

From the high electron concentration of sample N7, we infer that the L conduction 

band is occupied (according to Ref. 14 this occurs at a concentration of ionised impurities 

greater than nD=1.6xl013 cm"2). Assuming that the highest frequency in the Fourier spectrum 

(figure 6.6b) corresponds to the electron subband i=3 in the T point with concentration 

1.0x10 cm" , then, according to our calculations, three subbands should be populated at the 

L point. The identification of the highest frequency with the i=3 subband gives the best 

agreement between the bandstructure calculations and experimental data. The measurements 

in perpendicular magnetic field do not show all the electron subbands. This complicates the 

calculation of the bandstructure. However combining the data obtained in B\\ and Bx improves 

the reliability of the bandstructure calculation. 

For subbands at the L-point we have used the effective mass for quantisation in the z 

direction m2 = 0.11me and for the density of states m* = 0.38me (degeneracy gv=4)14. The 

subband energy level structure in the L-point is calculated in a potential that is displaced by 

290 meV from the T-point potential along the real-space co-ordinate. Good agreement with 

the experimental results is obtained when the width of the S-Iayer of the ionised impurities is 

-340A. The band diagram of sample N7 is shown in figure 6.7. The unusual curvature of both 

the L- and T-potentials is connected with a complex total electron distribution consisting of 

occupied subband states at the T- and L-points. This is the first observation of the population 

of the L-point in 8-doped GaAs at low temperatures. 
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6.3. GaAs 8-doped with tin on vicinal substrates 

6.3.1. Introduction 

Advanced epitaxial growth techniques have made it possible to fabricate artificial structures 
with reduced dimensionality29. An appealing method to produce quasi ID conducting wires is 
the organised growth on misoriented substrates. For this purpose GaAs substrates misoriented 
by a small angle from the (001) direction may be used. The vicinal surface of the GaAs 
substrate consists of a system of steps and terraces, with a terrace width of 54-540A for a 
typical misorientation angle in the range 3°-0.3°. The first demonstration of the feasibility of a 
lateral potential modulation was obtained with a GaAs-AlAs superlattice30. The effective 
lateral potential modulation was however much weaker than expected, due to Ga/Al 
segregation and intrinsic step array disorder of the vicinal surface31. Also GaAs/AlGaAs 
heterostructures were grown on vicinal substrates. In these structures the conductance of the 
2DEG along the steps is far larger than across the steps and the ratio can exceed 100 at low 
temperatures32. The steps were not mono-atomic in these structures due to clustering of 
several terraces, which is called step bunching. Another type of multi-atomic step array can be 
formed by growth on GaAs [331] substrates. The step arrays are straight over a length of 
approximately 10 um and are coherently aligned. Although the average distance of the multi-
atomic steps is not related to any geometrical parameter, as is the misorientation angle for 
vicinal planes, they exhibit a quasi-periodic arrangement with well-defined lateral periodicity. 
In GaAs/AlGaAs heterostructures grown on GaAs [331] substrates Schonherr et al.33 found a 
big anisotropy in the conductivity parallel and perpendicular to the step edges. 

Another route to obtain ID channels, or at least a ID periodic modulation of the 
2DEG, is by decorating the steps with an active donor impurity e.g. Si or Sn. A narrow doping 
profile in the growth direction can be obtained by 5-doping2. The lateral confinement is due to 
the preferential attachment of the donor atoms at the step edges. In the literature some results 
have been reported on Si 8-doping on vicinal GaAs substrates34,35. Although a preferential 
attachment of the Si atoms to the step edges was observed by RHEED34, no significant 
difference between the resistance measured for a current along and perpendicular to the step 
edges was found. The high segregation ability of Sn is of advantage in these vicinal structures 
and we expect that the Sn atoms accumulate more easily at the step edges. 

Besides the reduced dimensionality in the form of an array of quasi-lD conducting 
wires, lateral ordering of dopant atoms will lead to an improved carrier mobility. In the 
limiting case of a fully ordered dopant distribution scattering on the ionised impurities is 
completely absent. Ordering of dopants at the step edges gives the possibility to investigate 
correlations between the distribution of dopants and carrier mobility in the 5-layers. 
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in the past years substantial experimental evidence for the ID modulation in Sn 8-
doped GaAs on vicinal substrates has been reported. RHEED experiments show an ordered 
incorporation of Sn atoms along the step edges. This is similar to the RHEED experiments on 
Si doped vicinal materials. However in Sn S-doped GaAs an anisotropy in the 
magnetotransport was observed35. The differences in the photoluminescence spectra for the 
singular and vicinal samples also indicate the appearance of a ID modulation . Another 
indication is found in the linear current-voltage characteristics in fields up to 3000 V/cm, 
which are much higher than those for 2DEG without modulation (with similar parameters). 
The quasi-ID electrons effectively cool the 2D electrons, explaining the high saturation fields 
in these materials37. The results discussed in this section are magnetotransport measurements 
on a vicinal GaAs structure doped with Sn. A systematic study of the anisotropy in the 
magnetoresistance of samples with different electron densities with a misorientation angle of 
3° is presented. 

6.3.2. Samples on vicinal substrate. 

The vicinal GaAs samples ô-doped with Sn were grown by MBE on a GaAs(Cr) substrate 

misoriented by 3° from the [001] direction towards the [110] direction. The steps running 

along the [110] direction, i.e. misorientation in the [110] direction, are As-terminated steps. 

The structure is schematically shown in figure 6.9. 
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Figure 6.9: Schematic picture of the GaAs (S-Sn) structure. 

The distance between the step edges is 54À for a misorientation angle of 3°. On the substrate 
a buffer layer of 1 |0,m is grown in the step-flow mode. At a temperature of 450°C a tin layer 
was deposit in the presence of an arsenic flux. After the tin was deposited, a layer of GaAs 
was grown at a lower epitaxy temperature (T-400K), which ensures formation of a large 
number of growth islands on the terraces between the step edges. This should maintain a non
uniform distribution of Sn. From the wafers Hall bars were prepared with the current channel 
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in the [110] direction, i.e. for a current flowing along the step edges (|| configuration), and 

with the channel in the perpendicular direction (J. configuration). The Hall effect and 

magnetoresistance were measured at a temperature of 4.2K in a pulsed magnetic field up to 

38T. 

6.3.3. Experiments in perpendicular magnetic field. 

In this section the magnetotransport properties of 3° vicinal GaAs structures 8-doped with Sn 

will be discussed. The only difference between the structures discussed is the design density 

of Sn atoms. For all structures the magnetoresistance and Hall effect were measured in the || 

and ± configuration. 
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Figure 6.10: a) Magnetoresistance of sample VI at T=4.2K, 

for a current along (full lines) and perpendicular (dashed -

dotted line) to the step edges, 

b) Fast Fourier transform of the data in a) 
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The first sample discussed in this section is sample V3. The magnetoresistance shows 
pronounced Shubnikov-de Haas (SdH) oscillations and is shown in figure 6.10. The Fourier 
transform of the data indicates the presence of two subbands. The carrier densities determined 
from the SdH period (nsdri) and the Hall data (nn) are listed in Table HI, together with the 
quantum mobility (u.q) and Hall mobility (iiH). There is a clear anisotropy in the resistance, R± 

is about 50% larger than R|| at T=4.2K, which provides evidence that we have indeed 
succeeded in preferentially depositing Sn at the step edges. Such anisotropy is not observed in 
the Sn doped structures on singular substrates discussed in section 6.2. Therefore it is not a 
characteristic of Sn but arises from the step edges. This strong anisotropy was not observed in 
the Si doped structures on a vicinal substrate. We believe that the difference in behaviour of 
Sn and Si on vicinal structures is due to the higher segregation velocity of Sn. 

In the Hall density, of sample V3 a significant difference between nHaii,|| and nHai!,x is 

observed. Also a difference is observed in nsdH,|| and nsdH,± for both subbands. This difference 
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Figure 6.11: a) Magnetoresistance of sample V3 at T=4.2K, 

for a current along (dashed lines) and perpendicular (full 

lines) to the step edges, 

b) Fast Fourier transform of the data in a). 
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Sample Subband nsdH M-q nH HH 

Index (1012cnï2) (cm2/Vs) (1012 cm'2) (cm2/Vs) 

VI || 0 8.23 660 38.3 810 

1 4.73 1080 

2 2.13 1490 

3 0.92 5400 

V i l 0 8.45 430 35.5 840 

1 4.62 590 

2 1.92 645 

3 0.64 -

V2 || 0 9.42 350 25.8 640 

1 7.35 450 

2 5.75 -

3 3.35 -

4 1.12 --

V 2 1 0 9.10 240 25.6 630 

1 7.40 350 

2 -

3 2.13 530 

4 -

V3 || 0 6.26 225 7.97 587 

1 2.19 --

V 3 1 0 5.75 186 5.87 527 

1 1.15 --

Table III: Carrier densities determined from the Shubnikov-deHaas period 

(nSdH) and the Hall data (nH), and the quantum (uq) and Hall mobility (uH) at 

T=4.2K for vicinal (3°) GaAs structures 8-doped with Sn, for a current along 

(||) and perpendicular (1) to the step edges. 

increases for the higher-index subband, with a lower electron density. The differences in 
resistivity and electron density are not caused by a macroscopic inhomogeneity of the wafer. 
Different samples taken from different parts of the same wafer show similar densities and a 
similar current direction dependent behaviour. The derived electron densities and mobilities of 
different samples of the same wafer V3, show a maximum spread of 5%, due to 
inhomogeneity, which is much smaller than the anisotropy. 

The segregation of Sn to the step edges causes an inhomogeneous distribution of Sn 
donor atoms. This anisotropy in the distribution of Sn atoms could lead to a preferential 
scattering in the direction perpendicular to the step edges. Therefore a higher resistance is 
observed when the current is perpendicular to the step edges. The anisotropy in nHaii and u.Haii 
could in principle also be explained by this preferential scattering, but is more difficult to 
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address since several subbands are present. At this stage the anisotropy in ns<jH can not be 
explained. Normally the frequency is given by the area occupied by electrons in k-space at the 
Fermi energy. How a directional dependence can change this frequency is not clear. 

The magnetoresistance data and the Fourier transform for sample VI are shown in 
figure 6.11a) and b) respectively. The Fourier transform shows the presence of four electron 
subbands. The electron density deduced from the Hall data is about a factor 5 higher than for 
sample V3 (see Table DI). An anisotropy in the resistance (R±/Ry ~ 1.1 at T=4.2K) and in the 
electron density is found, like for sample V3. The results are very similar to the ones for 
sample V3, but the anisotropy is less pronounced. This smaller anisotropy could be caused by 
the more homogeneous distribution of Sn donor atoms in sample VI. The effect of repulsion 
between dopant atoms is bigger in the heavier doped sample VI. 

In figure 6.12 a) and b) the magnetoresistance and Fourier transform is shown for 
sample V2. The Hall density of this sample is lower than for sample VI (see Table HI). But 
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Figure 6.12: a) Magnetoresistance of sample V2 at 

T=4.2K, for a current along (full lines) and perpendicular 

(dashed-dotted line) to the step edges, 

b) Fast Fourier transform of the data in a). 
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the density of the lowest observed electron subband is higher than for sample VI. Also for this 
sample V2 the remarkable differences in the fast Fourier transform between both current 
directions are observed. 

This characterisation of the 3° vicinal GaAs structures 8-doped with tin show that we 
are able to produce a significant anisotropy in the electronic structure || and ± to the step 
edges. This yields support for a ID modulation of the 2DEG. However, hard proof in the form 
of e.g. Weiss oscillations, which are found in the case of a weakly modulated 2DEG, is 
lacking^ . The condition to observe Weiss oscillation in our structures is only met in very high 
magnetic fields (B>50T), because of the short modulation period (54Â). On the other hand, no 
anisotropy in the resistance was reported for the structures that exhibit Weiss oscillations. 
From this we expect that our vicinal GaAs samples are beyond the weak modulation regime. 
In that case one might expect to observe superlattice effects39, but again the short modulation 
period makes it difficult to observe such effects. 

6.3.4. Experiments in parallel magnetic field. 

Also in the vicinal GaAs S-doped samples, measurements in parallel magnetic field can be 

used to investigate the depopulation of electron subbands. In figure 6.13 the 

magnetoresistance of sample V2 is shown in a parallel magnetic field. 

In the upper graph the first derivative versus field of the magnetoresi stance is shown. In 

the graph of dp I dB three minima are observable, which indicates the depopulation of three 

subbands. dp l dB has a maximum at B-32T, which means that at least one subband more can 

be depopulated in higher parallel field. Together with the fact that the lowest subband remains 

populated, one can conclude that sample V2 has at least 5 occupied subbands. 

This is consistent with the number of subband observed in the Fourier spectrum, with 

the current parallel to the step edges. For the other current direction not all subband are 

resolved in the Fourier spectrum (see Table HI). A small shift to higher magnetic fields is 

observed in the derivative dp I dB with the current direction along the step edges. This is 

consistent with the observation of a higher electron density nsdH,|| compared with nsdH.x- A 

higher electron density implies that a higher magnetic field is required for depopulation of the 

electron subband. 
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Figure 6.13: a) Magnetoresistance of sample V2 in a parallel 

magnetic field, b) The first derivative of the magnetoresistance 

of V2. In both cases, I||stepedges and I±stepedges, is LLB. 

A shift is observed in the position of the last maximum in resistance for sample VI 

(current parallel to the step edges). The other maxima in resistance are located at the same 

field position (see figure 6.14). A similar shift has been reported for GaAs structures 5-doped 

with silicon on a singular substrate1 . It is only observed in the depopulation of the n=l 

subband. This suggests that in sample VI the observed depopulation is the n=l subband 

depopulation. From this we conclude that sample VI has four occupied electron subbands. 

This is consistent with the four observed frequencies in the Fourier spectrum derived from the 

Shubnikov-deHaas oscillations. In Si 5-layers this shift is only observed in thin layers (width 

20A) and not in thicker delta layers. This is in contradiction with our belief that the Sn §-layer 

is thick. In the structures grown on a singular substrate, calculations gave a width of typically 

160A for the 8-layer. Unfortunately, for the structures on a vicinal substrate it is very difficult 

to perform the same calculations as done for the singular substrates. To carry out the 

calculations described in chapter 6.2.3 for the vicinal sample one needs to incorporate a 

potential describing the step edges. So far this has not been possible and therefore the band 

structure and depopulation fields can not be calculated for the vicinal structures. The 
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Figure 6.14: Magnetoresistance of sample VI (I // step edges) in a 

parallel magnetic field with current parallel to the field (dotted line) 
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anisotropy, as shown in figures 6.13 and 6.14, was not observed in our 8-layers grown on a 

singular substrate (see chapter 6.2.4). The reason for this difference remains unclear and 

further study is necessary to investigate this shift. 

6.4. Illumination effects in GaAs (8-Sn). 

6.4.1. Introduction 

Many semiconductor structures exhibit persistent photoconductivity after illumination at low 
temperatures. Persistent means, in this respect, long lifetimes due to a strongly reduced 
recombination rate of carriers. Above the threshold temperature equilibrium is restored. 
Positive persistent photoconductivity (PPPC) is characterised by an increase of the electron 
density and a larger mobility. Negative persistent photoconductivity (NPPC) is characterised 
by a density and mobility which both decrease or an electron density increase together with a 
mobility decrease, both effects resulting in a lower conductivity. 
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In many Hl-V semiconductors PPPC is observed, which is caused by deep donor 
levels. These so-called DX centres represent the most intensively studied class of defects in 
semiconductors, because of their considerable technological importance as well as their 
interesting physical properties40. An important example of a DX centre is the deep donor level 
of silicon in AlxGa!_xAs. In AlxGai.xAs the DX centre is the lowest energy state of the Si 
donor atom when x>0.22. The DX centre can be optically ionised, which results at low 
temperatures in a persistent photoconductivity. It is believed that this is due to the large 
capture energy barrier. This metastable character of the DX centre is attributed to a lattice 
relaxation41 involved in electron capture and emission processes. The earliest models relate 
the DX centre to a small lattice relaxation42'43, with one trapped electron. Another proposal 
suggests that the donor captures two electrons, which results in a large lattice relaxation44. In 
delta doped GaAs structures a (hydrostatic) pressure is needed to populate the DX centre. The 
pressure is smaller in samples with a higher doping concentration due to the higher Fermi 
energy45. In the sample with the highest doping concentration Maude et al.45 observed a 
population of the DX centres already at zero pressure. 

PPPC is sometimes also related to spatial charge separation after the creation of 
electron-hole pairs. The recombination process then shows a nonexponential time dependence 
due to this spatial charge separation46. The persistency of this photoconductivity effect might 
be questionable, because the recombination times can be much smaller than the recombination 
times associated with the DX centre. On the other hand, photoconductivity due to ionisation 
of the DX centre can show the same time dependence as electron-impurity tunnelling47. 
Wavelength dependent excitation experiments can discriminate between both origins of 
PPPC. 

The opposite effect, negative persistent photoconductivity (NPPC), characterised by a 
decrease in carrier density and mobility, is observed in different semiconductor structures. In a 
GaAs heterojunction with on top a GaAs-AlAs superlattice Prasad et al.48 observed NPPC 
after the sample was illuminated with an InGaAs LED. A model assuming the existence of 
acceptor-like traps in the superlattice and donor-like traps in the GaAs buffer layer was 
proposed to explain the NPPC. In Si 8-doped GaAs de Oliveira et al.49 showed that a 
competition between negative and positive photoconductivity takes place. It was shown that 
this is due to the presence of two distinct conduction channels in the sample, one with n-type 
characteristics and the other with p-type characteristics. In n-type selectively doped 
AlGaAs/GaAs heteroj unctions the NPPC behaviour was shown to have an increase in density 
together with a strong decrease in mobility . 
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6.4.2. The DX centre. 

Besides the shallow effective mass state associated with the T band, most donors in AlGaAs 
and GaAs have deep donor states, also called DX states40. Column IV or VI dopants generally 
give shallow effective mass-like donor levels for hydrostatic pressures below 20 kbar in 
GaAs, or for Al concentrations less than 22%. Above these thresholds the donor level 
becomes deeper with increasing pressure or Al content. The pressures where DX levels 
become occupied in GaAs depend strongly on the total electron density. In heavily doped 
GaAs even at zero pressure the DX centre can be occupied . 

The DX centre has the characteristic property that the optical ionisation energy is many 
times larger than its thermal ionisation energy. At low temperatures this results in a persistent 
photoconductivity, which means that electrons are not re-trapped by the DX centres after 
illumination. The DX centre is characterised by three energies, which are indicated in the 
configuration diagram shown in figure 6.15. The configuration co-ordinate represents a 
change in the atomic configuration around the impurity atom due to lattice relaxation. The 
capture energy Ec of the DX centre is the energy needed to relax via the shallow donor state 
into the DX centre. The emission energy Ee is the energy needed to ionise the DX centre. In 
GaAs Ec>Ee and the DX centres are normally empty. Only in heavily doped GaAs structures, 
with a high Fermi energy and therefore Ec<Ee, DX centres become populated. Below a freeze 
out temperature (kT<Ee) the number of donors in the DX state remains fixed. The optical 
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Figure 6.15: Configuration-coordinate diagram for DX centres 

in GaAs. At Q0 the electron is in the conduction band and at 

QDx the electron is captured at the DX centre. For explanation 

of the symbols see text. 
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Figure 6.16: Schematic views of the normal shallow donor site (a) and the broken-bond 

configurations giving rise to the deep donor levels (b,c and d) in GaAs. b) The DX" state for a Si 

substitutional donor (for Si one can also read Sn in all three cases), c) The D' state involves a 

symmetric breathing-mode distortion around the dopant, d) The DX' 

state typical for Sn dopant in GaAs. This centre arises from a large atomic relaxation on an As 

sublattice. (figure adapted from Ref. 44 and 55.) 

energy Eopt is the energy needed to promote an electron from the DX centre to the conduction 

band below this freeze out temperature The diagram in figure 6.15 shows the different 

energies for the DX centre in GaAs. 

The microscopic structure of the DX centre in 5-doped GaAs can be characterised by 

two different models describing the lattice relaxation. In the first model the DX centre is 

related to a small lattice relaxation in which the centre traps one electron4 : 

d+ +t •DX' (6.7) 

where d+ is the ionised substitutional donor atom and DX is the neutral defect centre. In the 

second model there is a large lattice relaxation and the centre traps two electrons. Chadi and 

Chang based their model44 on pseudo-potential calculations where the negatively charged DX 

centre is due to the following reaction: 

d* +2e^DX' (6.8) 

This model is also called the negative U model, because the Hubbard correlation energy is 

negative. Nowadays, there is considerable experimental evidence to support the negative 

U model with two captured electrons on the DX centre in AlGaAs51' . Baj et al. ' 4 show for 

GaAs that DX centres from Ge donors are populated with two electrons based on co-doping 

experiments with the shallow donor Te and the application of high pressures. Most of these 

experiments where done on bulk doped materials and not on 2DEG's. 

The calculated atomic structure for the DX centre is characterised by a large lattice 

relaxation leading to a donor-host bond breaking, shown in figure 6.16b. Another type of DX-
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like defect, with similar properties as the DX" centre, can be recognised55. This defect centre is 
due to an outward, tetrahedrally symmetric, breathing-mode displacement of the four nearest 
neighbours of the impurity. The energies for both DX-centres for Sn donors are very close. It 
therefore impossible to discriminate between both states by temperature dependent Hall and 
resistivity measurements. In Sn doped AlGaAs and GaAs it turned out that there is one more 
DX-like defect centre55. The DX' state results from a large bond-breaking displacement on an 
As nearest neighbour of Sn, instead of that it results from the displacement of the donor. 

6.4.3. Persistent photoconductivity results 

In this section we report on the photoconductivity as influenced by the illumination 

with light of wavelengths between À=650nm and X=1200nm. Four different samples were 

investigated, namely two heavily doped samples (labelled VI and V2) and two lightly doped 

samples (labelled V3 and Nl). The boundary between heavily and lightly doped samples is 

formed by a total electron density of approximately 2xl013 cm"2. Magnetotransport results on 

the vicinal samples V1,V2 and V3 were already reported in section 6.3. We did not observe 

any differences in the photoconductivity effects for the different current directions (LLsteps 

and I||steps), therefore, we here discuss only the results for I||steps. The sample Nl, grown on a 

singular substrate, is one of the samples discussed in section 6.2. The energy of the light with 

a wavelength between 650nm and 850nm is sufficient to excite electrons from the valence 
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Figure 6.17: Time dependence of the resistivity for illumination by light 

with À=791nm (solid lines) and À=l 120nm (dashed lines) for the heavily 

doped sample VI (left axis) and for the light doped sample V3 (right axis). 

The illumination intensity is ~10|iW/cm2. 
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band into the conduction band. The results show that two effects are present in our S-doped 

structures. Under illumination by light with an energy greater than the bandgap of GaAs PPPC 

is found. For light with a lower energy NPPC is observed in the heavily doped samples, while 

PPPC is observed in the lightly doped samples. For all our samples the total density increases 

after illumination. This means that the difference between PPPC and NPPC in our structures 

is solely a mobility effect. 

In figure 6.17 the time dependence of the resistivity for illumination by light with 

X=791nm and A,=1120nm for two different samples is shown. For the light doped sample V3, 

for both wavelengths, the PPPC effect is observed. For the heavily doped sample VI the 

NPPC effect is observed for À=1120nm. For illumination by light with X=791nm the 

photoconductivity effect changes sign from positive to negative. For short illumination times 

PPPC is observed, which changes into NPPC for longer illumination times. This indicates that 

in heavily doped samples both effects are present. For illumination by light with À<850nm the 

NPPC effect dominates for long illumination times. In the remainder of this chapter we 

concentrate, for the heavily doped samples, on the PPPC effect for illumination by light with 

X<850nm. This means that illumination continues up to the minimum in the resistivity. 
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at T=4.2K by light with À=791nm (dotted line) and 

X=l 120nm (dashed line). 
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The temperature dependence of the resistivity, p(T), for the heavily doped samples VI 

and V2 is shown in figure 6.18a) and b). In figure 6.19a) and b) p(T) of the samples V3 and 

Nl is plotted. In both figures p(T) in dark is given by the solid lines. After slowly cooling 

down to 4.2K in the dark, the samples were illuminated by light with a wavelength of 791nm. 

The samples were illuminated till a constant resistivity was reached. A decrease in resistivity 

was observed for all samples. Next the temperature variation was measured from 4.2K up to 

room temperature at a heating rate of 3K/min (see dotted lines in figure 6.18a,b and 6.19a,b). 

A general trend observed after illumination by light with an energy greater than the bandgap is 

that the relative resistivity decrease is smaller when the total doping density is higher. 

Different photoconductivity effects are observed for samples VI and V2, when 

compared to samples V3 and Nl , after illumination by light with a wavelength X=1120nm at 

T=4.2K (dashed lines in figure 6.18a,b and 6.19a,b). For sample NI PPPC is observed, very 

similar to the PPPC after short wavelength (791nm) illumination. For V3 also PPPC is 

observed, although the effect is smaller than after illumination by light with X<850nm. The 

opposite effect (NPPC) is observed for samples VI and V2 at T=4.2K. For sample VI the 

50 100 150 200 

T(K) 

250 300 

Figure 6.19: Temperature dependence of the resistivity for 

sample V3 and Nl in dark (full line), after illumination at 

T=4.2K by light with X=791nm (dotted line) and X=l 120nm 

(dashed line). 



Magnetotransport in GaAs.. 131 

> i • i 
1 1 ' . 

m a) sample 1 
§ 1-0 

/ V 
-

JD / V 
CC ,\ yv 

0) 0.5 'f\ \ \ 
"O •' 'S '\ \̂  ̂  3 

Q. S r f "s/ , i 1 F n n 
S r f "s/ , i 1 1 

100 200 300 

Frequency (T) 

400 

a. 

1 i ' i ' i ' i ' i ' i ' 

• b) 
260 

240 
.,•••''' 

220 r-£\ /v Ä / \ 1' \ 

200 
^ ^ \l\ß 

' 
10 15 20 

B(T) 

25 30 35 

Figure 6.20: Fourier spectrum (a) of the Shubnikov-deHaas 

oscillations (b) for sample VI in dark (full lines), after 

illumination by light with wavelength À=791nm (dashed 

lines) and after illumination with À>850nm (dotted lines). 

resistivity decreases at increasing the temperature and at T=40K p(T) drops below the 

resistivity in dark. For T>120K no longer a difference between p(T) after illumination by light 

with À<850nm and À=1120nm is found. For samples V2 the resistance drops below the value 

in dark at T=120K. For all samples no difference is observed in the resistivity measured in 

dark and after illumination for T>180K. 
The influence of the illumination on the electronic properties was investigated by 

measuring the Shubnikov-de Haas (SdH) and the Hall effect. In figure 6.20 the SdH 
oscillations and their Fourier transforms are plotted for sample VI. The solid line gives the 
data measured in dark, while the dashed and dotted lines give the data after illumination by 
light with À=791nm and À>850nm, respectively. For sample V3 similar data are shown in 
figure 6.21. For all samples the change in the peak positions in the Fourier transform is very 
small in the case of illumination which results in PPPC. In case of NPPC a clear increase in 
the values of the frequencies of the SdH oscillations is observed which indicates an increase in 
the electron density. The Hall effect data show that the resistivity changes mainly depend on 
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Figure 6.21: Fourier spectrum (a) of the Shubnikov-deHaas 

oscillations (b) for sample V3 in dark (full lines), after 

illuminations by light with wavelength X=791nm (dashed 

lines) and after illumination with À>850nm (dotted lines). 

the Hall mobility Uu- For illumination by light with short wavelengths (À<850nm) U-H 

increases, while for long wavelengths u.H decreases. The Hall density itself did not yield any 

significant changes for the heavily doped samples VI and V2. For sample V3 an increase is 

observed after both types of illumination. The relevant parameters for all four samples are 

listed in table IV. 

6.4.4. Explanation of persistent photoconductivity. 

The discussion and interpretation of our results is divided into two parts. We discuss first the 
PPPC and afterwards we concentrate on the NPPC. Both effects result from quite different 
processes. The PPPC effect is explained by the excitation of electrons from the valence band 
and the ionisation of donor states. The NPPC is due to the ionisation of the deep Sn donor 
state, the DX centre, and competes with the PPPC effect. 
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sample P nH HH X nsdH 

# (ö) (1012crn2) (cm2/Vs) (101 2cm2) 

in dark 202 31.5 981 26.2 

VI À = 791nm 198 31.6 1000 26.3 

X > 850 nm 240 30.4 857 27.9 

in dark 384 25.8 631 25.9 

V2 X = 791nm 367 24.9 683 26.0 

X > 850 nm 422 26.0 571 29.6 

in dark 1330 8.03 586 8.28 

V3 X = 791nm 1173 8.62 618 8.39 

X > 850 nm 1235 8.81 574 8.38 

in dark 4211 1.74 1530 3.2 

Nl À = 791nm 2423 -- -- -

X > 850 nm 2445 -- - --

Table IV: Samples VI, V2 and V3 are grown on vicinal substrates and sample Nl is grown 

on a singular substrate. In the table are listed the resistivity p, the Hall density nH, the Hall 

mobility uH and the total sum of the electron density in all occupied observable electron 

subbands £nsdH. determined from the SdH effect. All data are at T=4.2K. 

The different results of p(T) in dark shown in figures 6.18 and 6.19 can be explained 

by the relative importance of the scattering mechanisms present in the samples. If scattering 

by ionised impurities is dominant, a negative temperature coefficient is obtained. Phonon 

scattering results in the opposite effect, i.e. the resistivity decreases at lowering the 

temperature. At low temperatures also quantum corrections to the conductivity may result in a 

negative temperature coefficient. At T=4.2K, a negative magnetoresistance is observed, due to 

weak localisation present in the sample. 

In 8-doped materials creation of electrons and holes, after illumination by light with a 

wavelength greater than the bandgap, results in electrons moving to the 8-layer and holes 

moving to the substrate or being captured by acceptors. This capture process reduces the 

amount of ionised acceptors and results in a mobility increase. This process, together with the 

separation of electrons and holes, will flatten the energy bands in the buffer layer and in the 

substrate. This effects the width of the potential well for the electrons, and especially, the 

electron wavefunctions in the higher electron subbands become broader. Therefore scattering 

on the ionised impurities in the 5-layer decreases and the mobility increases . Both effects 

result in the observed PPPC. 

The excitation of electrons from the valence band can not take place when the sample 

is illuminated by light with an energy smaller than the bandgap (A>850nm). The PPPC effect 

for illumination with À>850nm is attributed to the ionisation of donor states in the material. 

The donor atom, most likely responsible for the free electrons, is the Cr impurity present in 
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the substrate. The dominant chromium state in GaAs lies 0.89eV above the top of the valence 
band . This means that with all wavelengths used in our experiments, electrons can be 
excited from this donor state. This ionisation also changes the bandstructure and the mobility 
of the higher electron subbands increases. This effect is similar to the effect due to separation 
of electrons and holes. 

The difference between long-wave length and short-wave length illumination is much 
smaller in sample Nl than in sample V3. This we attribute to the differences in buffer layer 
width, which equals 240nm and 450nm for samples Nl and V3, respectively. The excitation 
process of electrons by illumination with À<850nm is less effective in Nl, because of the 
smaller buffer layer. In Nl the light can also more easily reach the substrate and excite the Cr 
donor. The difference of the PPPC effects for both types of illumination (see figure 6.19a,b) is 
small for V3 and even negligible for Nl. From this we conclude that the excitation of the Cr 
donor state is the most important photoconductivity process in samples V3 and Nl. 

The long relaxation times related with PPPC, observed in all samples, can be 
explained by the spatial separation of the electrons and holes. The electrons move towards the 
delta layer away from the ionised donor sites in the substrate. Due to this charge separation an 
electric field builds up in the buffer layer, which affects the bandstructure. This effect is 
maximum for a complete ionisation of the donors. In this case the potential difference AV is 
equal to the energy difference between the Cr level in the substrate and the conduction band 
energy, AV=0.73eV. The effect of the electric field is analogous to charging a parallel plate 
capacitor. The additional carrier concentration An due to complete ionisation of the donor 
levels can be estimated with the following equation, which is similar to the one for a parallel 
plate capacitor57: 

A , i = - ^ A V (6.9) 
ed 

where £o is the permittivity of free space, er the relative permittivity of GaAs and e is the 

electron charge. Here d is the buffer layer width between the delta layer and the substrate 

(d=0.45u,m for sample V3). The increased density calculated for sample V3 with this simple 

relation is equal to An=1.4xlfj" cm' , which is small compared to the total electron density. 

The measured increase in density for sample V3 after illumination is lxlO11 cm", as follows 

from the Shubnikov-deHaas oscillations. Thus the measured increase is comparable to the 

calculated increase in electron density. 
The relaxation of the PPPC effect can be described by a logarithmic time dependence58 

as follows: 

(6.10) i| 1 + -
j 
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Figure 6.22: Relaxation of the photoconductivity for sample V3 at 

T=77K after illumination by light with X=791nm (circles) and 

A=1120nm (triangles) and for T=4.2K with À=791nm (squares). The 

data for T=4.2K and X=1120nm shows almost no time dependence 

and is not shown in this graph. The lines indicate fits to the data 

according to equation 6.10. The dark value for the conductivity 

equals 7.5xl0"4 Q"'. 

In figure 6.22 the relaxation of the PPPC effect is shown for sample V3 for the temperatures 

T=77K and 4.2K. The relaxation is shown for illumination by light with short and long 

wavelengths. The time constant parameter x is 19s at T=77K and x=23s at T=4.2K for short 

wavelength illumination. For illumination by light with long wavelengths x=68s at T=77K and 

some minutes at T=4.2K. This logarithmic relaxation process confirms that the PPPC is due to 

charge separation. 

The NPPC effect observed in the heavily doped samples VI and V2 is attributed to the 

presence of the Sn-DX centres. It is known that in heavily 5-doped GaAs DX centres are 

populated45. A real increase in electron subband density, determined by the Shubnikov-deHaas 

effect, can be observed after long-wavelength illumination. This increase is due to ionisation 

of the DX centres. The ionisation of the DX centres is confirmed by the persistency of the 

NPPC effect. The increasing resistivity after illumination is caused by the combination of an 

increase in density with a decrease in mobility. This decrease in mobility can be explained in 

two different ways, depending on the electronic state of the DX centre. The models make use 

of the d+/DX mode42,43 (d++e—>DX°) in which the impurities are either positively charged or 

neutral, or the d+/DX" model44 (d++2e—>DX~), in which the impurities are either positively or 

negatively charged. There is nowadays experimental evidence for the d+/DX", the negative U 
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model, especially for bulk AlGaAs samples. For ô-doped samples it is not completely clear 
which model describes the microscopic processes of DX centres and our results can not 
discriminate between both models. 

The first possible explanation of the NPPC is the ionisation of the DX° centres by 
illumination. This ionisation increases the electron density by 6% in VI and by 13% in V2. 
The ionisation also increases the ionised impurity scattering and therefore reduces the 
mobility. The quantum mobility as well as the Hall mobility is lowered. The increase in 
resistivity (NPPC) is caused by the greater decrease in mobility compared with the increase in 
the density. 

The second option is the ionisation of a DX centre, which is a negatively charged 
localised state, occupied with two electrons. In this case correlation effects explain the 
decrease in mobility after illumination. Coulomb interaction between positively charged 
shallow donors and negatively charged DX centres leads to a correlation in the distribution of 
charged impurities and reduces electron scattering. Due to ionisation of the DX centres by 
illumination the correlation is reduced and therefore the mobility decreases. The distribution 
of DX centres during the slow cool-down is in thermodynamic equilibrium and in its 
correlated state. The photo ionisation of the DX centres by illumination at low temperatures is 
essentially a random process and destroys the correlation. This effect is observed in heavily 
doped n-type GaAs . Also numerical studies on the electron mobility show the importance of 
spatial correlation in the distribution of charged impurities60. 

From the temperature dependence of p(T) of samples VI and V2 (see figure 6.18) two 
threshold temperatures, at which the NPPC was quenched, can be observed. In sample VI 
clearly at T=40K the NPPC effect seems almost to have disappeared. Up to 120K a small 
difference between the data after both types of illumination is present. This difference is more 
pronounced for sample V2. The threshold temperature of 40K is close to the value of 60K 
found in the Sn doped AlGaAs samples54. The second threshold temperature can be related 
with a second type of Sn DX centre. In AlGaAs doped with Sn Huang et al.61 found two deep 
donor levels, which are related to two different DX centres. The threshold temperatures found 
were respectively 120K and 170K. This would imply that there are three different DX levels 
in Sn doped AlGaAs. Via self-consistent pseudopotential calculations, Chadi55 showed that Sn 
donors in GaAs en AlGaAs alloys have three different DX like states. Our results show that 
there are at least two deep donor-levels in Sn 5-doped GaAs structures. 

The resistivity data after illumination with À>850nm are equal to the data after 

illumination with X<850nm at T>120K. This implies that also with illumination with 

X>850nm the PPPC effect is present. The NPPC effect dominates the PPPC effect in heavily 

doped samples. If the PPPC effect were not present in these heavily doped samples, the 

temperature dependence of the NPPC effect would not cross the resistivity measurement in 

dark. Above T=180K all temperature dependencies are the same for all samples. We conclude 

that above this temperature the charge separation responsible for the PPPC effect is no longer 

effective. 
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6.5. Conclusions 

We have studied the magnetotransport properties of GaAs S-doped structures grown on 

singular and vicinal substrates with various Sn doping densities. The study of the singular 

structures served as basis for the growth of comparable structures on vicinal substrates. One of 

the characteristics of Sn as dopant is the possibility to obtain very high electron densities. The 

maximum electron density determined by the Hall effect is 8.4xl013 cm"2 and strongly 

exceeds the maximum value for Si ö-doped structures. Bandstructure calculations were 

performed for the singular structures in order to model the data. The experimental electron 

subband densities and quantum mobilities are in good agreement with the calculated ones. 

The calculations show that in the sample with the highest electron density the L conduction 

band is populated. This is the first observation of the population of the L-point in S-doped 

GaAs at low temperatures. The determination of the multiple subband structure was 

complemented by magnetoresistance measurements for a magnetic field parallel to the 8-layer. 

The measured values of the magnetic field, at which depopulation of subbands occurs, are in 

good agreement with calculated values of the depopulation fields. 

Another characteristic of Sn is the high segregation and diffusion velocity, which 

results in thick layers. In the structures on singular substrates the thickness of the 6-layer was 

typically 160 A, but for the heaviest doped structure it amounts to 340 À. The high 

segregation velocity turns into an advancement for the structures grown on vicinal substrates. 

Because of the high segregation velocity we expect that Sn accumulate easily at the step 

edges. Indeed a clear anisotropy in the electronic parameters is observed for a current || and _i_ 

to the step edges, especially R/Rn amounts to 1.5 (at 4.2 K) for a sample with an electron 

density nHaii=8xl012 cm"2. Also a significant anisotropy in nHaii, HHaii and nSdH is observed. The 

difference in nHaii and ja.Haii can be explained by preferential scattering in one direction, caused 

by preferential bonding of the Sn atoms on the step edges. At the moment there is no 

explanation for the difference in nsdH- The anisotropy in the electronic properties confirms the 

accumulation of Sn atoms at the step edges. 

We have studied the photoconductivity effects in 8(Sn)-GaAs structures. There was no 

significant difference for the current in the |] and _L direction. The important parameter for the 

persistent photoconductivity was the wavelength of the light and the total electron density in 

the sample. In the heavily doped samples (n>2xl013 cm"2) two different illumination effects 

depending on the wavelength are observed. For illumination by light with wavelengths smaller 

than 850nm positive persistent photoconductivity is observed. Either not detectable or a very 

small increase in electron density together with an increase in mobility was the result of the 

illumination. For illumination by light with wavelengths greater than 850nm negative 

persistent photoconductivity is observed. In this case an increase in electron density was 

accompanied by a large decrease in mobility. The ionisation of the filled DX centres in these 
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heavily doped structures caused this effect. For the lightly doped samples only the positive 
persistent photoconductivity effect for all wavelengths is observed. This effect was explained 
by the excitation of electrons from Cr impurity states in the substrate for long wavelength 
illumination and a combination of this together with the creation of electron-hole pairs after 
short wavelength illumination. 
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