
 

Transport of hot electrons in GaAs/AlGaAs heterostructures

Citation for published version (APA):
Hendriks, P. (1990). Transport of hot electrons in GaAs/AlGaAs heterostructures. [Phd Thesis 1 (Research TU/e
/ Graduation TU/e), Applied Physics and Science Education]. Technische Universiteit Eindhoven.
https://doi.org/10.6100/IR342863

DOI:
10.6100/IR342863

Document status and date:
Published: 01/01/1990

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.6100/IR342863
https://doi.org/10.6100/IR342863
https://research.tue.nl/en/publications/13513789-eff4-437c-b4eb-7de60df11b06




TRANSPORT OF HOT ELECTRONS 
IN GaAs/ AlGaAs HETEROSTRUCTLIRES 

PROEFSCHRIFT 

ter verkrijging van de graad van doctor aan de 

Technische Universiteit Eindhoven, op gezag van 

de Rector Magnificus, prof. ir. M. Tels, voor een 

commissie aangewezen door het College van 

Dekanen in het openbaar te verdedigen op vrijdag 

14 december 1990 te 14.00 uur 

door 

PETER HENDRIKS 

geboren te Eindhoven 



Dit proefschrift is goedgekeurd door de promotor 

Prof. Dr. ~I.H . Wolter 

en de copromotor 

Dr. ir. F.A.P. Blom 

The work described in this thesis was carried out at the Physics 
Department of the Eindhoven Universlty of Technology and was 
part of the research programme of the Dutch Foundation lor 
Fundamental Research on Matter, which is financially supported 
by the Dutch Organisation lor the Advancement of Research. 



Contents 

1. General Overview 
1.1 Introduetion 

1.2 The GaAs/ AlGaAs Modulation-Doped Heterostructure 

3 

5 
1.3 The High Electron Mobility Transistor 10 

1.4 High Electric Field Effects in GaAs/ AlGaAs Heterostructures 12 

1.5 About this Thesis 15 

Raferences 16 

2. Topographical Techniques to Image a Two-Dimensional Electron 
Gas 
2.1 Introduetion 

2.2 The Liquid Crystal Technique 

2.3 SEM Voltage Contrast 

2.4 Electro-optic Voltage Profiling 

2.5 The Lateral Photo Effect 

19 

21 

25 

28 
33 

Raferences 43 

3. Ohmic Cantacts 
3.1 Introduetion 45 

3.2 Technology and Experimental Methods 49 

3.3 AuGeNi 52 

Raferences 58 

4. Hot Electron Transport in GaAs/AIGaAs Heterostructures 
4. 1 Introduetion 59 

4.2 Some Theoretica! Models to Describe Hot Electron Transport 62 

4.3 Determination of the Mobility 

Using the Geometrical Magneto Resistance 

4.4 Experimental Issues 
4.5 Electric Field lnduced Parallel Conduction 

4.6 The Warm Electron Regime 

4. 7 The Hot Electron Regime 

Raferences 

Summary 

Samenvatting 

List of Publications 

Curriculum Vitae 

64 

68 

71 

75 

79 

85 

87 

88 
89 

91 



2 



General Overview 3 

Chapter 1 

General Overview 

1.1 Introduetion 

The field of semiconductor physics is more than one century old but is still 
expanding rapidly. This is due to the large commercial interest, which is based 

on the enormous variety of different semiconducting materials and the ever 

increasing technological expertise to fabricate dedicated devices. The wide range 

of semiconducting materials consists among ethers of group IV semiconductors 

(Si, Ge, a-Sn etc), group III-V semiconductors (GaAs, AIAs, lnSb, lnP etc.) and 

group 11-VI semiconductors (CdTe, MnTe, ZnS etc) , which vary in bath sleetrical 

and optica! properties. The sleetrical properties range trom almast metallic (a-Sn) 

to almast insulating (ZnS). For the generation of light the direct bandgap 

semiconductors (GaAs) are better suited than the indirect semiconductors (Si, 

AIAs). The contribution of technology to the field of semiconductor physics is 

that it has made possible the modification of the band structure within one 

semicbnducting materiaL This is achieved by fabricating layered structures of 

different or differently-doped semiconductors enabling us to investigate effects 

originating trom the reduction of dimensionality. With the present status of 

technology it is even possible to alter the lattice constants and crystal structure 

by inserting thin layers, which have a slightly different lattice constant (so-called 

strained layers). The basic ideas described were first proposed by Esaki and 

Tsu!-3. 

The AlxGa1_xAs system is the most investigated system. Since tor different 

aluminium concentrations the AlxGa1_xAs lattice constant remains almast 

unaltered, it is relatively easy to make layered structures of this quasi-binary 

compound. The band structures of AIAs and GaAs are quite different making the 

AlxGa1_xAs system most suitable tor band structure "engineering". Examples of 

the structures grown are quantum wells, superlattices, and modulation doped 
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heterostructures. Commonly used techniques to grow these layered materials 

are Molecular Beam Epitaxy (MBE)4-5 and Metal Organic Vapor Phase Epitaxy6. 

The study of these structures not only increases the fundamental 

understanding of semiconducting materials but also contributes to the field of 

device applications. The quest in device physics is to fabricate semiconductors 

which combine different previously incompatible demands. Examples of such 

devices are solid state lasers, resonant tunneling diodes, the High Electron 

Mobility Transistor (HEMT), and the monolithical integration of both optical and 
electrical devices. 

Although the device opportunities are extremely promising many problems 

still exist or, as some people gloomily say, "Gallium Arsenide is the technology of 

the fut ure, always has been, always will be". But for high-speed opto-electronic 

applications in which not a high degree of integration is required the special 

properties of GaAs "clearly leaves it without peer"7 . 
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1.2 The GaAs/ AlGaAs Modulation-Doped Heterostructure 

The Si-MOSFET was the first system in which the two-dimensional 

behaviour of electrans was extensively studied8 . However, it suffered from 

deficiencies such as the rather low electron mobility, which to a large extent 

obscured the fundamental phenomena. Aft er Ding Ie et al. 9 had made the first 

GaAs/ AlxGa1_xAs modulation doped heterostructure, this problem was 

circumvented. Such a modulation doped heterostructure (see Fig. 1.1 (a)) 

consists of a GaAs buffer layer (0.6 - 4.0 J.Lm thick), an undoped AlxGa1_xAs 

spaeer layer (0.15 < x < 0.40 and 0 - 150 nm thick), a Si-doped AlxGa1_xAs layer 

and a thin top layer of GaAs. The layers are grown on a semi-insulating 

substrate. 

The buffer layer is needed to gather impurities and irregularities present on 

the surface of the substrate. One also may use an AIAs/GaAs superlattice for 

this purpose. The undoped AlxGa1_xAs layer serves to strongly reduce scattering 

of the electrans present in the GaAs, by Si-ions in the doped AlxGa1_xAs. The 

silicon atoms in the doped AlxGa1_xAs provide the tree electrons, while the GaAs 

top layer protects the AI"Ga1_xAs trom oxidation. 

The band-edge diagram of such a stack of layers is shown in Fig. 1.1 (b) 

Fig. 1.1 
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GaAs/ A/GaAs heterostructure and (b) the corresponding 
band-structure diagram 
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and can be understood as follows. The bending of the band structure near the 

interface (part 1 of Fig. 1.1 (b)) occurs because the electrans provided by the 

silicon move trom the larger band gap material (AixGa1_xAs) to the smaller 

bandgap material (GaAs). When residing in the GaAs the electrans are attracted 

by the positively charged silicon ions and have the lowest energy in the GaAs 

nearest to the GaAs/ AlxGa1_xAs interface. The part of the band structure near the 

surface (part 2 of Fig. 1.1 (b)) is due to surface states, which are always present 

due tö the mainly covalent bonding of the GaAs. The surface states gather 

electrans and leave a positively doped AlxGa1_xAs region. The doping thus must 

provide bath the electrans tor the accupation of the surface states and of the 

two-dimensional electron gas. The exact farm of the band structure can be 

calculated by simultaneously solving Schrödinger's and Poisson's equations in 

the so-called envelope tunetion approach10-11 . 

Due to the small dimensions of the potential well in which the electrans 

remain the motion of the electrans is restricted to the plane parallel to the 

interface. The required quantum mechanica! treatment gives us the energy levels 

in the potential well. We call these energy levels subbands and the ensemble of 

electrans located at the GaAs side of the interface a two-dimensional electron 
gas. 

As mentioned befare the electrans in the two-dimensional electron gas are 

spatially separated trom their parent donor atoms. This reduces the so-called 

remote ionised impurity scattering of the electrons. The main scattering 

mechanisms of electrans in such a GaAs/ AlxGa1_xAs heterostructure are optica! 
and acoustic phonon scattering at elevated temperatures. Remote and 

background impurity scattering and interface roughness scattering due to 

irregularities of the interface are important at low temperatures. Since one can 

reduce the background impurity and interface roughness scattering by improving 

the growth technology and the phonon scattering by using low temperatures, 

one can achieve the condition that the mobility is limited mainly by the remote 

ionised impurity scattering. Altogether one expects a higher mobility tor the 

two-dimensional electron gas than tor the bulk GaAs case. This is illustrated in 

Fig. 1.2(a), in which the mobility of a two-dimensional electron gas and of a bulk 

GaAs sample are shown as a tunetion of temperature. The mobilities of the two 

cases are almast identical at elevated temperatures, while at lower temperatures 

the mobility of the two-dimensional electron gas is substantially higher than tor 

the bulk GaAs. 
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The electron concentration of the samples as a tunetion of temperature is 

depicted in Fig. 1.2(b). In the bulk GaAs sample the electrans freeze out at lower 

temperatures, but remain in the two-dimensional channel of the modulation 

doped heterostructure. This is due to the tact that the GaAs conduction band 

stays below the silicon donor level of the AlxGa1_xAs. This enables us to operate 

these devices at low temperatures too. 

In the AlxGa1_xAs (x > 0.2) the silicon atoms can occupy two different levels 

associated with a shallow and a deep energy level. The electrans in the deep 

level, the so-called "DX" centre, do not contribute to the transport, unless they 

are activated by illumination. The electrans move to the two-dimensional electron 

gas, thus increasing the electron density. This is depicted in the upper curve of 

Fig. 1.2(b). The electrans will not be recaptured by the "DX"-centre, unless the 

temperature is raised above approximately 120 K12- t3. The increase of the 

electron concentration also intluences the mobility (Fig . 1.2(a)). This arises trom 

the tact that the electrans screen each other more effectively trom the remote 

ionised impurities. This so-called persistent photoconductivity effect enables us 
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to vary tor one sample bath electron concentratien and mobility. 

Another way to achieve a variatien in the electron concentratien and the 

mobility is by applying a gate voltage. A metal layer attached to the surface of 

the heterostructure is then used as a capacitor and a high enough negative 

voltage applied to the gate will totally deplete the two-dimensional electron gas. 

The increase of electron concentratien can also have an undesired effect. lf 

the Fermi level rises above the conduction band of the AlxGa1_xAs a second 

conducting channel, in which the electrans behave three dimensionally, turns up. 

lf such a parallel conduction14-15 occurs, one needs to interpret the experimental 

data in terms of two interconnected channels with different mobilities and 

electron concentrations; this can be rather awkward. 

One of the most remarkable features of a two-dimensional electron gas is 

the quanturn Hall effect. lt was discovered bX von Klitzing et a/.16 in a 

Si-MOSFET. The quanturn Hall effect is nowadays mostly investigated in 

GaAs/ AlxGa1_xAs heterostructures, in which it is more pronounced due to the 
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higher mobility than that in the Si-MOSFET. 

The classica! Hall effect is the appearance of a voltage perpendicular to the 

current in the presence of a magnetic field. This voltage is proportional to the 

magnetic field and inversely proportional to the electron concentration. The most 

preferabie geometry to measure the Hall effect is the Hall-bar geometry (see 

inset of Fig. 1.3). 

The Hall resistance (Pxy) is measured by dividing the Hall voltage (V37) by 

the current (/15). The longitudinal ar Shubnikov-de Haas resistance is measured 

by dividing the Shubnikov-de Haas voltage (V24) by the current (115). 

In a two-dimensional system at low temperatures, however, the Hall effect 

instead of a straight line shows plateaus, in which the Hall resistance does nat 

depend on magnetic field ar electron concentration. In such a plateau the Hall 

resistance equals h/ie2 (= 25813 flji), where h is Planck's constant, i an integer, 

and e the elementary electron charge. In Fig.1 .3 this is shown tor a sample with 

an electron con centration of 2.5· 1015 m-2 and a low temperature mobility of 

45 m2 jVs. The interpretation of the quanturn Hall effect is still cantroversiaL 

Models are either based on localised electron states, inhamogeneaus electron 

densities ar edge currents. The quanturn Hall effect is extensively reviewed in 
Refs. 17-19. 
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1.3 The High Electron Mobility Transistor 

The two-dimensional electron gas as we have described in the previous 

sectien can be used as the starting point in the fabrication of a so-called high 

electron-mobility transistor (HEMT). Due to the high conductivity of the 

two-dimensional electron gas this field effect transistor has short switching times 

and low noise figures, particularly, at low ternperatures. 

The fabrication process consists of three photolithographic steps. The first 

step is to isolate the device from its environment by etching a mesa down to the 

GaAs buffer layer. The secend step is to detrne the souree and drain cantacts of 

a AuGe/Ni/ Au metallisation by a lift-off technique. The AuGe/Ni/ Au cantacts are 

alloyed at about 450 °C for 1 minute through the top layers to farm an ohmic 

contact with the two-dimensional electron gas. The last lithographic step is to 

define the area of the gate contact. Befare depositing the gate metallisation, part 

of the top layers is removed by etching (gate recessing). With this recessing two 

different types of high electron-mobility transistors can be made. 

lf the recess is relatively shallow the high electron-mobility transistor 

(b) 
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operates in the normally-on mode (or depletion mode) (see Fig. 1.4(a)). The 

conduction of the channel is high when the gate voltage is zero, while a negative 

gate voltage is necessary to deplete the two-dimensional electron gas and to 

switch the device off. In Fig. 1.4(b) typical current-voltage characteristics are 
shown2o. 

lf the recess is deeper, part of the AlxGa1_xAs and the Si-donors are 

removed (Fig. 1.4(c)). lf not a sufficient number of donors remains to take care 

of the surface (gate) depletion no electrans are present in the two-dimensional 

electron gas. This means that a high electron mobility transistor in the 

normally-ott mode (or enhancement mode) is formed. lf one applies a positive 

voltage on the gate the channel becomes conducting again and the device is 

switched on (Fig. 1.4(d)). 

To obtain high quality devices good control over the recessing is 

necessary. This can be obtained by inserting within the AlxGa1_xAs layer a thin 

GaAs layer, which serves as an etch stop. 

To determine the switching time of a high electron-mobility transistor, ring 

oscillator circuits consisting of about 27 stages are made21 . These circuits show 

delay times in the devices lower than 1 0 ps. The speed of the high electron

mobility transistors is limited by the gate transit time of the electrans and the 

AC-time constant of the whole device. Since the saturation velocity of electrans 

in the two-dimensional electron gas is 2· 105 m/s, the intrinsic speed for a gate 

lengthof 0.2 J.Lm is 1 ps. Since the minimum switching times measured areabout 

5 ps for a 0.35 J.tm gate length, the AC-time determined by the laad resistances 

and parasitic capacitances is of great importance. To imprave the switching 

delay one needs to imprave the current drive. This can be achieved by 

increasing the electron density, since the cu.rrent density equals nevd, with n the 

electron density, e the electron charge, and vd the constant saturated drift 

velocity. 

Advantages of the high electron mobility transistors are the short switching 

times and low power dissipation for logic applications in integrated circuits and 

low noise figures tor microwave applications. 

Disadvantages are the defect densities on the wafers and the homogeneity 

of the epitaxial layers causing the rather low integration level (typically 4k sAAM). 
Other disadvantages are instabilities and a collapse of the current at cryogenic 

temperatures (see also chapter 4). 

The properties of high electron-mobility transistors are extensively reviewed 

in Aefs. 21-24. 
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1.4 High Electric Field Effects in GaAs j AlGaAs Heterostructures 

Due to the smal! dimensions of a high electron mobility transistor the 
electric fields can become very high even for low voltages. For instance, for a 

souree-drain length of 4 ~-tm and a souree-drain voltage of 1 V the average 

electric field becomes 2.5 kV jcm. lt is thus necessary to understand the high 

electric field behaviour of the electrons. Moreover, in the usual Hall experiment to 

characterise material properties such as mobility versus temperature curves (see 

Fig. 1.2) only fields as low as 1 V jcm are used. These experiments do not teil 

anything about the behaviour relevant to the high electric field transport. 

In measurements of the mobility versus field such as these of Hirakawa 

and Sakaki25 , Masselink et aJ.26, van Welzenis et a/.21 , and Hendrikset a/.28 the 

mobility decreases rapidly as a function of the applied electric field. This 

information has been obtained by either Hall or geometrical magneto-resistance 

experiments. This is illustrated in Fig. 1.5, in which experiments of Hirakawa and 

Fig. 1.5 

ELECTRIC FIELD Ex (V/cml 

Electric field dependenee of the two-dimensional electron 
mobility at 4.2 K in tive different samples with different low 
electric field mobilities. The different samples are indicated 
with different markers (trom Hirakawa and Sakaki, Ref. 25) . 
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Sakaki are depicted. lt is immediately clear that the mobility at high electric fields 

is independent of the low field mobility. At low electric fields and low 

temperatures the mobility is determined by remote ionised impurity scattering 

and depends on device properties such as spaeer thickness and doping level. 

On the other hand, for elevated electric fields the mobility is solely determined by 

polar optica! phonon scattering. A polar optica! phonon can be emitted when an 

electron has an energy of 36 meV. lf we assume an average velocity of an 

electron of 2.2· 105 mjs, the corresponding maximum velocity (vm) is 

4.4· 105 mjs. Here we assume that the electrans are linearly accelerated by the 

electric field and that there are no other scattering mechanisms. The maximum 

energy becomes 36 meV (which is !rrtvm2, with m• the effective mass). This 

corresponds to a mean tree path of 0.1 t-tm and a scattering time of 0.4 ps at an 

electric field of 1 kV jcm. 

As well as tor this readily proven mechanism quite a number of high field 

effects have been proposed to explain time-dependent and negative differential 

resistance features in the two-dimensional electron gas. Tsubaki et a/.29 

measured a negative differential resistance at 800 kV ;cm, which they attributed 

to the sudden onset of intersubband scattering (see Fig. 1.6(a)). Schubert et al. 30 

(a) 

(c) 

Fig. 1.6 

(b) 

(d) 

Different mechanisms which influence the behaviour of 
electrans in the two-dimensional electron gas subjected to 
high electric tie/ds. (a) Intersubband scattering, (b) trapping 
in interface states, (c) scattering to the GaAs buffer layer, and 
(d) reai-space transfer. 
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attributed a decrease in the two-dimensional electron density and electron 

mobility partly to intersubband scattering and partly to scattering into traps 

located in the A1xGa1_xAs near the interface (Fig. 1.6(b)). A third mechanism they 

considered is scattering to the GaAs buffer layer (Fig. 1.6(c)). Another proposed 

mechanism to understand the negative differential resistances found in quite a 

number of samples is reai-space transfer by thermo-ionic emission31-33 . This 

mechanism, in which heated electrans move from the two-dimensional electron 

gas to the low mobility AlxGa1_xAs was first proposed by Hess et al. 31 and should 

occur at about 3 kV jcm depending strongly on the barrier height of the 

AlxGa1_xAs barrier. lnoue et al. 34 performed photoluminescence experiments, in 

which they explain the electric field dependenee of the photo-luminescence 

signal of the AlxGa1_xAs and GaAs with reai-space transfer. 

Balkan and Ridley35-36 described the presence of 5 MHz oscillations in the 

current at fields between 200 and 800 V jcm of bath heterostructures and 

modulation-doped quantum-wells. They find that the asciilation frequency 

increases with applied field and that at fields above 1. 1 kV j cm the current 

becomes so "noisy" that no asciilation frequency can be determined. 

Furthermore, from Hall experiments they conclude that high-field domains are 

formed. This is questionable since the Hall technique can only give information 

about the steady-state voltage distribution due to the high RC-times associated 

with this technique. They do nat show any length dependent experiments which 

give a better insight in the tormation of high-field domains. They35-37 attribute the 

observed phenomena to the acousto-electric effect. As early as 1981 Keever et 
al. 38 used this mechanism to understand the current collapse in their 

heterostructures in electric fieldsas low as 350 V ;cm. 
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1.5 About this Thesis 

In this thesis some aspects, which are important for the performance of a 

high-electron mobility transistor are discussed. Since high electron-mobility 

transistors use gate electrodes, the lateral electric fields depend on position. This 

problem has to be solved selfconsistently using the three-dimensional 

Schrödinger's and Poisson's equations. This, however, is a farmidabie task and 

makes the interpretation of experimental results quite complex. In order to get 

more insight in the physical mechanisms governing the hot electron transport we 

mainly used two-terminal devices. 

The device properties depend severely on the homogeneity of the 

two-dimensional electron gas and the interpretation of experimental results is 

rather ditficult tor inhamogeneaus materials. To investigate the homogeneity we 

developed saveral techniques to image the electric field, voltage and resistivity as 

a tunetion of position. In this thesis we describe how liquid crystals can reveal 

regions where high electric tields are present and conclude that effects originally 

thought to be contact problems can originate trom the properties of the 

two-dimensional electron gas39. To image the potential distribution we used SEM 

Voltage Contrast39-40 and the electro-optic effect of the GaAs substrate40 . Using 

the lateral photo effect, information about the dependenee of the resistivity on 

position can be obtained41-44. 

Techniques to make oh mie cantacts on the GaAs/ A~Ga1.xAs 

heterostructures with AuGe/Ni/ Au are based on contacting technology 

developed for bulk GaAs. We present results about the influence of the contact 

technology on the contact resistance and also about the contact resistance 

dependenee on electric and magnetic fields. We used the technique of optica! 

beam induced current (OBIC) to determine the homogeneity of the contacts. 

Although the contacting techniques are equivalent for both bulk GaAs and 

GaAs/ AlxGa1.xAs heterostructures, the rasuiting cantacts are fundamentally 

different28. We show that the transition al area trom contact to heterostructure is 

of extreme importance to understand the behaviour of the device. In our model 

the AlxGa1_xAs layer plays a significant role as already has been recognised by 

Kastalski and Kiehl45 and Morkoç and Unlu23. Within our model it is possible to 

understand the oscillatory behaviour found in some heterostructures in high 

electric fields46 . 
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Chapter 2 · 

Topographical Techniques to Image a Two-Dimensional Electron Gas 

2.1 Introduetion 

Steady advarices in crystal growth have stimulated the demands on 

characterisation techniques. For the two-dimensional electron gas in a 

GaAs/ AlxGa1_xAs heterostructure the most commonly used technique to obtain 

intermation about the electrical transport properties is the determination of the 

mobility and sheet carrier concentratien as a tunetion of temperature and 

illumination. These experiments can be compared with model calculations which 

account tor the different scattering mechanisms. Although this technique offers 

the possibility to campare samples grown under different conditions (like 

temperature and fluxes), and with different layered structures (such as layer 

thicknesses, layer composition and doping levels) only properties averaged over 

a rather large area (typically 4x4 mm2) are determined. These experiments give 

no information about the homogeneity of the material. 

Knowledge about the homogeneity is of importance in device applications, 

since inhamogeneaus materials lead to spatial variations in both optica! and 

electrical behaviour, influencing the reliability and reproducibility. Also tor the 

interpretation of fundamental experiments on e.g. the quantum Hall effect the 

homogeneity is of importance. lnhomogeneities show up in variations in the 

lattice constant, the lattice strain, the dislocation density and variations in layer 

thicknesses. Several topographical methods have been developed to reveal 

inhomogeneities, either as one-dimensional trace plots or as two-dimensional 

maps, e.g. x-ray topography, etch-pit density, and cathodo- and photo

luminescence (tor a review see Ref. 1.). In this chapter we discuss several 

techniques to image electrical properties of the two-dimensional electron gas. 

The first technique described is a technique widely applied in microcircuit 

analysis and is based on field effects present in liquid crystals. We show that with 
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this technique it is possible to reveal interruptions of the two-dimensional 

electron gas. 

The second technique is a variant of Electron Beam Testing known as 

Scanning Electron Microscope Voltage Contrast (SEM Voltage Contrast), which 

directly images the potential of a two-dimensional electron gas. This technique 

has the advantage that a high spatial resolution can be obtained. A disadvantage 

is that the impact of the high energetic electrans on the properties of the 

two-dimensional electron gas is not known. 

The third technique uses the linear electro-optic or Packels effect of the 

GaAs-substrate to measure the electra-static potential of the two-dimensional 

electron gas. This technique has the advantage that it circumvents the problem 

mentioned tor SEM Voltage Contrast and that it also can be used at low 

temperatures and in high magnetic fields. However, the technique turns out to 
be rather time consuming. 

The lateral photo-effect, the fourth technique presented in this chapter, is 

the occurrence of photovoltage parallel to the plane of the two-dimensional 

electron gas due to an inhamogeneaus illumination. This effect can be applied to 

image variations in the resistivity. An image of the local resistivity can be 

obtained by locally varying the illumination in combination with a lock-in 
technique. 



Topographical Techniques to Image a Two-Dimensional Electron Gas 21 

2.2 The Uquid Crystal Technique 

In this section we present results on the application of a field-effect liquid 

crystal technique to reveal interruptions of the two-dimensional electron gas of a 

GaAs/ AlxGa1_xAs heterostructure. Th is technique has the advantage that it is 

non-destructive and very easy to handle. The technique has been widely applied 

in micro-circuit analysis2•3. We campare the results with electrical measurements 

and in the next section with SEM Voltage Contrast measurements. 

Nematic liquid crystals have a so-called nematic phase, in which they 

behave rheologically as a liquid and physically as a crystalline solid. In this 

nematic phase the liquid crystal is anisotropic both optically and electrically. At a 

certain temperature, the so-called clearing temperature Tc, there is a phase 

transition trom the nematic to the isotropie phase. In the isotropie phase the 

liquid crystal behaves like an ordinary liquid. 

In a setup, as shown in Fig. 2.1 (a), these properties can be made beneficia! 

in several ways. lf we use crossed polarisers, no light will pass if the temperature 

of the liquid crystal is higher than the clearing temperature Tc. However, in the 

nematic phase, due to the birefrigence of the liquid crystal, the angle of 

polarisation is rotated and the light passes through. In this way small 

temperature ditterences ( < 0.01oq can be detected. lf we tune the temperature 

to just below Tc, local hot areas will become visible as dark spots. 

Camera - G 
Polarisers 

Conder\Ser \-_ =:f=:l=l== 8 2 

Light souree 

(a) 

Fig. 2.1 

7 3 

6 4 

5 

(b) 200 J..J,m 

(a) Experimental set-up and (b) Hall-bar geometry. The part 
enclosed by the box is displayed in Fig. 2.2. 
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Uquid crystals do nat only react to temperature but also to electric fields 

(as is well-known from liquid crystal displays)4 . lf in certain regions of the sample 

high electric fields are present, these fields change the birefrigence of the liquid 

crystal in that area and thus the reflected image. lt is this last property, which we 

use to visualise the interruptions in the two-dimensional electron gas. 

We use the liquid crystal p -Cyanophenyl p-n-hexylbenzoate (RO-CE-1510, 

Hoffmann-Laroche, Basel) with a melting temperature Tm of 44.5 °C and a 

clearing temperature of 48 oe. The liquid crystal is diluted in acetone (in the 

volume ratio 1 :4). One drop trom a pipette is spread over the cleaned sample to 

farm a thin layer. When the acetone has been evaporated, a thin layer of solid 

liquid-crystal remains. The sample is now put under the microscope and heated 

to within the nematic phase (Tm < T < Tc)· 

Probably other liquid crystals might be better suited tor our purpose, e.g., 

liquid crystals, which are nematic at room temperature (na heater needed) and 

which are more sensitive to electric fields. 

The samples used in this study are MBE- and MOCVD-grown selectively 

doped GaAs/ AlxGa1_xAs heterostructures, in which the two-dimensional electron 

gas accumulates at the GaAs side of the interface and is located about 100 nm 

below the surface. A Hall-bar geometry (Fig. 2.1 (b)) was photolithographically 

defined and mesa-etched. The ohmic cantacts were tormed by alloying small 

indium spheres into the surface. 

After the surface of the sample has been covered with a thin film of liquid 

crystal ànd after the temperature has been raised to within the nematic phase, a 

pulsed voltage is applied between contact 1 (see Fig. 2.1 (b)) and contact 2. The 

repetition rate of the pulses is about 0.5 Hz and the duration about 1 s. We use a 

pulsed voltage to make the effect easier to recognise, but, in principle, using a 

constant voltage is also possible. We noticed that along certain sharp lines the 

liquid crystal switches with the applied voltage. This indicates the presence of an 
electric field. In our experiments we are nat dealing with heat effects since the 

observed features are present even at temperatures well below Tc. 

In Fig. 2.2(a) a photograph of a part of the sample enclosed by the box 

(see Fig. 2.1 (b)) is shown. Gavered with liquid crystal and with an applied voltage 

the picture looks like Fig. 2.2(b). The sharp line indicated with the arrow is the 

only part of the sample, which switches with switching applied voltages. This line 

is in a region of high electric fields and turns out to be exactly parallel to a crystal 

axis. This is concluded trom the tact that the sample was cleaved along a crystal 
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axis and that the Hall-bar pattern was aligned parallel to it. 

In Fig. 2.2(a) no marks or scratches are visible at the surface of the sample 

at the area where we find the high electric field region. From this we conclude 

that we are dealing with a submerged phenomenon. Only in places where the 

(a) 

(b) 

Fig. 2.2 (a) Photograph of the sample enclosed by the box of Fig. 2.1(b) 
and (b) the same part of the sample covered with Jiquid crystal, 
in the nematic phase and with an applied voltage. The arrow 
indicates the part of the /iquid crystal which reacts on switching 
voltages. 
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epitaxial layers are etched away some preferential etching has taken place. We 

demonstrated the reproducibility of the technique by applying the liquid crystal 

and eperating the device saveral times. 

To prove that these images are directly connected with the two

dimensional electron gas, we measured the resistance of the sample between 

contact 1 and 2, R1,2, and 5 and 6, R5,6 , which are geometrically identical (see 

Fig. 2.1 (b)). In contact 2 where we had found an interruption in the 

two-dimensional electron gas, the resistance R1.2 was about 120 kfl, while in 

contact 6, where we did nat find any interruption, the resistance Rs.s was about 

30 kfl. Since the resistance is primarily due to the two-dimensional electron gas, 

we believe that the higher resistance is strongly connected to the observed 

phenomenon in the liquid crystals. 

When the two-dimensional electron gas is interrupted by e.g. a dislocation 

or a micro crack, the resistance is locally very high and thus the local electric 

fields will become high toa. Recalling the tact that the two-dimensional electron 

gas is only about 100 nm below the surface, it is likely that these fields interact 

with the liquid crystal and give the specific images which we have observed. 

In the next sectien we use SEM Voltage Contrast to directly image the local 

potentials, which, of course, are directly related to the high field regions. 

Note that we found these interruptions in bath MBE- and MOCVD-grown 

samples. Since in all cases the interruptions are related to higher resistances we 

suggest that in a number of cases, in which a high ohmic behaviour has been 

found, the high resistance is nat due to the alloyed cantacts but to these 
interruptions. 

A discussion on the crigins of these defects will be postponed until the end 

of sectien 2.5. 
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2.3 SEM Voltage Contrast 

In the previous section we have described a technique to image regions of 

high electric fields. Since electric fields are simply correlated to potential 

distributions a technique known as electron beam testing, which measures the 

potential at the surface of a sample, can easily be used to campare the results. 

Electron Beam Testing is extensively described in the literatures-7. Here, we 

only briefly describe one variant of Electron Beam Testing known as Scanning 

Electron Microscope Voltage Contrast (SEM Voltage Contrast). In Fig. 2.3(a) a 

schematic experimental set-up is shown. lf the primary electron beam hits the 

sample, secondary electrans will be emitted from the surface. The secondary 

electron current is monitored using the collector. The number of electrans 

reaching the collector strongly depends on the surface potential. A positive 

potential attracts the secondary electrans and diminishes the number of 

electrans detected (Fig. 2.3(c)), while a negative potential increases their number 

(Fig. 2.3(b)). lf we scan across the sample with the primary electron beam and 

PE 

b laMing capac1tor 

Pf'imary electron beam (PE) col 

(b) 

PE 

col 

(a) (c) 

Rg. 2.3 (a) Schematic set-up tor SEM Voltage Contrast. The primary 
electron (PE) beam hits the sample and creates secondary 
electrans (SE). The number of secondary electrans reaching the 
collector depends on the surface potential. (b) A negative 
potential increases the current, while (c) a positive voltage 
attracts the electrans and diminishes the current. 
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monitor the secondary electron current, the areas with a lower potential appear 

brighter than areas with a higher potential. 

In principle, the minimum voltage (Vmin) detectable with this technique8 is 

limited by the shot noise of the secondary electrans and thus depends on the 

primary electron beam current (lpe) and on the bandwidth of the detection 

system (.6.(), i.e., 

(2.1) 

with d a constant of proportionality, depending on the signal to noise ratio, the 

entrance aperture of the collector, the collector efficiency and the coefficient tor 

secondary low energy emission. Vmin can be estimated8 at about 80 mV. 

There are many more applications of Electron Beam Testing, such as the 

detection of high-frequency signals, wavefarm measurements, measurements at 

low temperatures9 and measurements in low magnetic fields10 . In this way 

Gunn-domains11 and filamentary current patterns in GaAs and Ge devices12- 13 

have been imaged. 

Fig. 2.4 SEM Voltage Contrast image of the same part of the sample as is 
shown in Fig. 2.2. 
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We performed a SEM Voltage Contrast maasurement on the sample shown 

in sectien 2.2. The result is shown in Fig. 2.4. We noticed a sharp contrast at the 

same position at which we found the electric field region in sectien 2.2. We also 

noticed some ether contrast which is due to dirt on the surface. This influences 

the secondary electron emission (normal SEM operation). This last type of 

contrast does nat react on switching fields. 

In Fig. 2.5 a larger area of the sample is shown. One immediately notices 

that some of the interruptions extend over quite a long distance (approximately 

2-3 mm). 

Rg. 2.5 SEM Voltage Contrast image of the whole sample. Notice the 
sharp lines which extend over several voltage probes of the 
Hall-bar. 
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2.4 Electro-optic Voltage ProfHing 

For the correct interpretation of experimental data of electrical transport 

measurements, knowledge of the local potential of the two-dimensional electron 

gas at the GaAs/ AlxGa1_xAs interface is of great importance. 

The linear electro-optic effect or Packels effect is extremely useful to 

measure voltages14-19 . The measuring technique is based on the fact that the 

birefringence of an electro-optic crystal, like GaAs, changes with the applied 

electric field. In the correct experimental geometry this effect leads to a change 

of the polarisation of light. This change of polarisation can be measured with 

great accuracy. 

In this section we describe how the electro-optic effect of the 

semi-insulating GaAs-substrate can be used to profile voltages in the 

two-dimensional electron gas of a modulation-doped GaAs/ AlxGa1_xAs 

heterostructure. We use this technique to determine the homogeneity of the 

conductivity of the two-dimensional electron gas. 

The samples used in this study are selectively-doped heterostructures 

grown by Molecular Beam Epitaxy on a semi-insulating GaAs-substrate. The 

mobility of the two-dirriensional electron gas is 0.82 (36) m2 jVs and the sheet 

density is 2.5 · 1015 (1.9 · 1015 ) m-2 at 300 K (4.2 K). A Hall-bar contiguration was 

photolithographically defined and mesa-etched (see Fig. 2.6(a)). The ohmic 

cantacts were formed by alloying small In spheres into the surface (the black 

circles in Fig. 2.6(a)). We polished the rear of the sample and subsequently 

evaporated a 100 A layer of Au on it to maintain an equipotential plane as a 

raferenee tor the potential of the two-dimensional electron gas. For a current 

flowing through the two-dimensional electron gas two electric field components 

are present: one parallel to the two-dimensional electron gas and one between 

the two-dimensional electron gas and the Au-layer. 

The experimental set-up is depicted in Fig. 2.6(b). As a light souree we use 

an lnGaAsP-diode laser with a wavelength >. of 1.3 JLm and a power of 1 mW. 

The light is polarised by a Glann-Taylor polariser and is subsequently focused on 

the sample to a spot of 40 JLm in diameter. Th is spot can be moved across the 

sample by displacing the total optica! set-up with an xy-stage. 

The light polarised along the < 1 00 > axis is passed through the GaAs 

along the < 001 > axis in the same direction as the electric field between the 

two-dimensional electron gas and the Au-layer. Only this perpendicular electric 

field gives a noticeable phase difference. In the described geometry the phase 
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ditterenee LH between the slow and tast axis is given by20 

d 

ilf = ?;- n03 r41 J Ez(x,y,z)dz = ?;- n03 r41 V(x,y), 

0 

(2.2) 

where n0 and r41 are the refractive index and the component of the electro-optic 

tensor of the GaAs, d the distance between the two-dimensional electron gas 

and the substrate, Ez(x,y,z) the electric field along the z direction and V(x,y) the 

potential ditterenee between the reference electrode and the two-dimensional 

electron gas at position (x,y). From Eq. (2.2) it follows that the phase ditterenee 

and the potential are directly proportional to each other and that the potential of 

the two-dimensional electron gas is measured. lf a quarter-wave plate is used, 

the intensity of the transmitted light depends linearly on the phase difference20 . 

Ta detect smal! variations in intensity we modulated the potential V(x,y). This 

results in a modulated intensity of the transmitted light. This intensity variatien is 

detected with a photo detector and lock-in amplifier. r41 was measured by 

applying a known voltage between the two-dimensional electron gas and the 

Au-layer without a current flowing through the two-dimensional electron gas. r41 

turned out to be about 1.48 pmjV. This result was also used to calibrate the 

experimental set-up. 

Fig. 2.6 

2 

Au 
/\/4 

polanser 

9 8 U detec tor 

(a) (b) 

(a) Hall-bar geometry of the sample used in this section. The box 
indicates the area of which a SEM Voltage Contrast image was 
taken (see Fig. 2.8) and (b) the experimental set-up for the 
electro-optic voltage profiling. 
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With the described experimental set-up we obtained sensitivities of 2 mV, 

when the laser spot was kept at one position. When scanning over the sample 

some additional uncertainties of about the same order of magnitude in the 

measured potential are introduced due to variations in the transmission. 

During the electro-optic experiments we kept contact 1 at 0. 7 V and 

contact 9 at 0 V. When we scanned along line I of Fig. 2.6(a), we obtained the 

voltage profile given in Fig. 2. ?(a). One observes that the slope of the curve in 

the lower part of the curve (2.4< y < 4.0 mm) is steeper than in the upper part, 

implying a change in the resistance of about a factor of two. In Fig. 2.7(b) the 

(a) 

Fig. 2.7 
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(a) Potential of the two-dimensional electron gas with respect to 
the Au layer on the rear of the sample, tor contact 2 at 0. 7 V and 
contact 9 connected to the Au layer, scanned along the dashed 
line I of Fig. 2.6(a). Following lines 11, 111, and IV we obtain voltage 
profiles as are indicated in (b). We associate the step in line scan 
N with an interruption of the two-dimensional electron gas. 

25 
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voltage profiles of lines 11, 111 and IV are depicted. A quite extraordinary step is 

found in line IV, where a drop of almast 0.25 V is present. 

lntuitively we associate this step with an interruption of the two-dimensional 

electron gas between cantacts 8 and 9. Thus, we can explain the two different 

slopes of curve 1: The current flows in the upper part through a 2 mm wide 

region, while in the lower part the current flows through an approximately 1 mm 

wide region with a higher resistance. 

Ta check this interpretation we performed a SEM Voltage Contrast 

measurement (see sectien 2.3). In Fig. 2.8 aSEM Voltage Contrast image of the 

part of the sample enclosed by the box (Fig. 2.7(a)) is shown. We held contact 2 

at 0 V and contact 9 at 2 V. One immediately observes the sharp contrast 

between cantacts 8 and 9 indicating a large potential difference. This contrast 

exactly coincides with the potential drop we found in the electro-optic 

Fig. 2.8 SEM voltage contrast image of the part of the sample within the 
box, which is indicated in Fig. 2.6(a) . Contact 2 is at zero voltage 
while contact 9 is kept at 2 V The dark regions are associated 
with a large positive value while the /ighter regions have smaller 
voltage values. Clearly visible is the step between cantacts 8 
and 9. 
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experiments. lt is also clear that this interruption stops almest 2 mm above the 

lower contacts, confirming that the resistance of the lower part of the sample is 

larger than the resistance of the upper part. lt is also interesting to note that the 

interruption of the two-dimensional electron gas is exactly parallel to the < 110 > 

crystal axis. 

In the electro-optic voltage profiling the measuring system has no influence 

on the device performance. This is the main advantage of the electro-optic 

voltage profiling above SEM Voltage Contrast. Furthermore the electro-optic 

measuring technique is extremely well suited to be used at lew temperatures and 

in high magnetic fields. This allowed us to tackle the fundamental problem of 

current and potentiel distribution under Quanturn-Hall conditions21-25 . 
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2.5 The lateral Photo Effect 

When a p-n junction is illuminated non-uniformly an in-plane photo voltage 

occurs. This photovoltage is due to the lateral photo effect26 -28 . Th is is in 

contrast with the conventional photo effect, which causes a photo voltage across 

the junction. The lateral photo effect is a result of the tact that electrans and 

holes are created only within areas, where the sample is illuminated. The built-in 

perpendicular electric field across the junction (see Fig. 2.9(a)) seperates the 

electrans and the holes. They drift away radially trom the illuminated spot in the 

lateral direction and recombine eventually. As a result a lateral electric field is 

established. The surface potential depends on the lateral position and on 

Fig. 2.9 
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(a) Band-edge diagram of a p-n junction. An e-h pair generated by 
a photon (indicated with hv) is seperated by the internal electric 
field. (b) Band-edge diagram of a GaAs/ AIGaAs heterostructure. An 
electron-hole pair behaves in a simi/ar way as it would in a p-n 
junction. However, the electrans accumulate in the 
two-dimensional electron gas. (c) The electron-hole pairs (see (b)) 
move radially away. The x-dependence of the lateral photo-voltage 
on the n and p-sides has been indicated in (d) and (e). 
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whether one is on the n ar p side of the junction (see Fig. 2.9(d) and (e)). This 

potential can easily be measured if cantacts are attached to one side (n ar p) of 

the sample. lf the flow of charged particles is obstructed by some defect, ar if the 

conductivity (i.e. electron concentratien ar mobility) varies with position, the 

measured lateral photo voltage deviates from its expected value. 

In GaAs/ AlxGa1_xAs heterostructures the response of electron-hole pairs 

(e-h pairs) is similar to the response in p-n junctions. In Fig. 2.9(b) the 

band-structure of such a GaAs/ AlxGa1_xAs heterostructure is shown. Note that 

the built-in electric field separates the electrans and the holes. From this similarity 

between p-n junction and heterostructure it is clear that the lateral photo effect 

occurs in the heterostructure toa. We investigated this phenomenon and applied 

it to study the homogeneity of the conductivity in GaAs/ AlxGa1_xAs 

heterostructures. 

Following Ref. 28, we give an estimate of the magnitude of the effect. We 

take a Hall bar of width b, which is illuminated across the sample with a line of 

light with width 2a, perpendicular to the edges. In contrast to Ref. 28, where one 

side of the sample is assumed to be an equipotential plane, we study the more 

general case, without such a contact. Due to the incoming light, carriers are 

generated in the GaAs. The holes move away trom the two-dimensional electron 

gas, whereas the electrans are accumulated in the two-dimensional electron gas 

(see Fig. 2.9(b)). A change in the band bending occurs under the illuminated 

line. The photo-generated carriers flow out of the illuminated zone into the 

regions of larger band bending in the non-illuminated zone. A lateral potential 

gradient accompanies this current flow parallel to the interface. lt is this potential 

gradient, which we measure. The photo generated carriers recombine after soma 

time. 

Let Ve(x) be the lateral potential in the two-dimensional electron gas (x=O 

at the centre of the illuminated line) and Vp(x) the potential at the p-side of the 

GaAs. The normal photo voltage ,V(x), is equal to Vp(x)-Ve(x) . At position x there 

is a current ,Jr(x), of recombining electron-hole pairs perpendicular to the 

surface, which can be written in a linearised form28 tor small V as 

Jr(x) = J0qV(x)/ kT, q being the elementary charge. At this point we make the 

assumption that V"'Ve"'Vp. This seems reasonable, since the lateral potential drop 

behaves as 

(2.3) 
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where Jli is the lateral current density for the electrans (i=e) and the holes (i=p). 

In the two-dimensional electron gas p and J are two-dimensional quantities, 

whereas in the p-side of the GaAs they are three-dimensional. Since f1e =-hp. with 

/li the total lateral current for electrans and holes respectively, we can write 

Ve = -VpRe/Rp and V= Ve(1 + Rp/Re), where Ri (i= e or p) is the total resistance of 

a unit length of the sample, in the indicated region. 

Now consider a slice of a two-dimensional electron gas with length dx. lt is 

easily derived that 

(2.4) 

After substituting Eq. 2.3 in Eq. 2.4 we obtain 

(2.5) 

with a2 = (1 +Rp/Re)J0peqfkT. The salution is 

(2.6) 

where A0 is to be determined trom the boundary conditions. The quantity a has 

the physical meaning of a reciprocal recombination length for the 

photo-generated carriers. We now consider a part of the sample of length 2· a 
and width b with boundaries of the illuminated zone at x=±a. Electrans are 

inserted in the electron gas at a rate 2gab with g the number of generated e-h 

pairs per unit area and unit time. We now make the reasanabie assumption that 

the potential is constant throughout the illuminated zone. The current density 

across the junction equals J0 qV / kT, resulting in 

qgab = -abJ0qV(a)/kT- b(1/Pe)dVe/dx. (2.7) 

Substitution of Eq. 2.6 in Eq. 2.7 gives 

(2.8) 
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thus 

Ao = (qgaeaa) I (aJ0q(1 +Rp/Re)/kT + afpe) 

= (Pe qgaea8)/(a(1 +aa)) . 

Chapter 2 

(2.9) 

lf f3 is the distance of the line of light to the centre of the sample the voltage V5 

across the sample is obtained trom the ditterenee of Eq. (2.6) at x=l/2+/3 and 

x=l/2-{3, resulting in 

Vs(/3) = 2Aoi-al/2) sinh(a/3), (2.1 0) 

where I is the length of the sample between the electrical contacts. 

lt turned out that we adequately can describe our results when we assume 

that al< < 1. Th is means that the recombination length tor the photo-generated 

carriers is much langer than the length of the sample, leading to the linear 

relation 

V5 (/3) = (2gabq) · (Pe/3/ b). (2.11) 

Eq. 2.11 can be interpreted as a current 2gabq times a resistance Pe/3/ b. Taking 

2gab = 1013 s-1 corresponding to a laser power of 0.1 mW, a photo current 

efficiency of 50%, Pe=16000, {3=10-3 m, and b=2·10-3 m, the order of 

magnitude of V8 becomes about 1 0 mV. Be eau se of the symmetry of the 

problem the voltage is zero if one illuminates the centre of the sample. 

Eq. 2.11 shows that the lateral photo voltage depends linearly on the spot 

position and the resistivity. The derivative with respect to the position gives the 

resistivity. lf we drop the assumption that the resistivity is position independent 

and if we assume a long recombination length (a/ < < 1) instead, the derivative of 

the photo-voltage signal (V5 ) yields directly the local resistivity. 

From the combination of Eqs. 2.3 and 2.4 we obtain 

(2.12) 

lf the resistivities show only small deviations from a mean value and the 

recombination length of the photogenerated carriers is long, then the situation is 

close to that described in the development leading to Eq. 2.11. The experimental 
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observation of the linear dependenee of the photovoltage on position implies 

that the last term in Eq. 2.12 is of the same order of magnitude as a2Ve . Thus, 

the last term in Eq. 2.12 is neglig i bie with respect to cf2 Ve/ dx2 and so it can be 

neglected in first approximation. lf we leave out this last term the salution of Eq. 
2. 12 becomes 

(2.13) 

where A1 is determined by the number g of carriers generated per unit time and 

is equal to gqj2. The factor 1/ 2 arises because the carriers flow in two 

directions. This Ve, however, is nat the measured voltage but the internal voltage 

of the two-dimensional electron gas. The derivative has opposite sign on bath 

sides of the position of illumination. To obtain the measured voltage we have to 

integrate Eq. (2.13) from one contact to the other. Then we take the derivative 

with respect to the position of the beam because we modulate the position of the 

beam. Finally we obtain the amplitude v of the voltage component with frequency 

w, which we measure with the lock-in amplifier (Vmeas is the total voltage 

ditterenee across the two contacts) 

(2.14) 

where x1 is the amplitude of the oscillation. From Eq. (2.14) it fellows that the 

lock-in voltage measured is directly proportional to the local resistivity, the 

amplitude of the asciilation and to the efficiency of e-h pair generation. As a 

consequence the changes in resistivity as a tunetion of position can be 

visualised much easier and with a much higher resolution over large sample 

areas than without this ac technique. 

Deviations trom the expected symmetry in the photo-voltage signa! give 

intermation about the homogeneity of the resistance. We used a scanning 

optica! microscope (SOM) to position a smal! light spot on the sample. The wave 

length of the light is 628 nm and the spot size varied between 0.5 and 20 Jtm. 

Two mirrors were used to scan the laser spot across the sample (see Fig. 2.10). 

Of course there are deviations trom the linear dependenee since we illuminate 

the sample with a spot and nat with a line. But these deviations wil! be 

symmetrical with respect to the centre of the sample and can easily be 
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recognised. The samples used are similar to these described in sections 2.2. 

and 2.3. We studied several samples at room temperature. None of them was 

perfect. The result of the examinatien of one of these with the normal lateral 

photo effect technique is given in Fig. 2.11. 

Let us first look at the effects in the main channel. lt is clear trom Fig. 2.11 

that the voltage is either zero, positive or negative depending on whether we 

illuminate the centre of the sample, or the areas closer to the contacts. This is 

exactly as we predicted, although the line of zero voltage does not run straight 

across the centre of the sample. From Fig. 2.11 it is not directly visible that the 

voltage changes linearly trom the left to the right. lts value ranges trom about 

-10 mV to + 10 mV. This observed linearity justifies the assumption that the 

recombination length is langer than the length of the sample. Also visible are 

inhomogeneities, which are brighter or darker than their surroundings. 

Two general kinds of contrasts around inhomogeneities are observed: one 

type shows rather sharp contrast, the ether more gradual changes in photo 

voltage. We compared the results with the liquid crystal technique (section 2.2). 

From these experiments it is evident that the sharper contrast in the 

photo-voltage image corresponds exactly to the zones of high electric fields. 

Fig. 2.10 

laser 

neutral 
density 

filters 

beam 
expander 

slow scan 
mirror dr ive 

The experimental set-up tor the lateral photo-effect experiments. 
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Also visible is a gradient of the voltage in the side arms. This gradient has a 

sign opposite to the one of the main channel. To interpret this behaviour in a 

simple way we imagine a side arm disconnected trom the main channel. lf the 

disconnected side arm is illuminated, there is no voltage ditterenee between a 

voltage contact at the main channel and the p-side of the GaAs directly 

underneath this contact, since there is neither a current flowing there, nor a 

photo voltage built up at that position. lt is just as if the cantacts of the main 

channel were placed at the p-side of the GaAs. The lateral photo voltage 

measured is thus the lateral photo voltage developed in the p-side of the GaAs 

underneath this side arm and the photo-voltage has a sign opposite to the sign 

in the two-dimensional electron gas. In reality, however, the side arm is nat 

disconnected. Thus the importance of the effect depends on the resistance of 

the narrow channel trom the side arm to the main channel. 

To confirm the statement that e-h pairs are generated in the GaAs, we 

performed another experiment. We replaced the laser by a lamp and a 

monochromator and looked at the wavelength dependenee of the effect. The 

lateral photo effect disappeared at wavelengths larger than 880 nm ± 15 nm, 

Rg. 2.11 The lateral photo-effect in sample 2336. 
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(a) A schematical drawing of the Hall-bar structure used in the 
experiments. The two contacts across which the lateral photo 
voltage is measured are indicated by 1 and 7. The rectangle 
shows the part of the structure which is visible in (b), (c) and (d). 
The black dots indicate positions where In is al/oyed into the 
material in order to contact the two-dimensional electron gas. (b) 
A direct optica/ picture of the structure under study. The two 
voltage contacts are outside the picture. At the botlom one side 
arm of the Hall-bar can be seen. Visible is dust on the surface as 
wel/ as the boundary of the mesa. (c) The picture of the lateral 
photo effect of a part of the heterojunction. Light areas 
correspond to a positive voltage measured across the contacts, 
black areas to a negative voltage. Visible are the voltage gradient 
across the structure and some lines (cracks). The voltage 
ditterenee across the device is about 10 mV. (d) The same part of 
the heterostructure as in (b) and (c) but measured with the 
modulation technique. Comparison with (c) reveals that the 
gradient has disappeared: The resulting image displays much 
more detail. 

Chapter 2 
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corresponding with the band gap of GaAs. This indicates that it is indeed caused 

by e-h formation in the GaAs. As a further confirmation, the image obtained with 

the HeNe laser was identical to that obtained with the HeCd laser. Tuning 

through the band gap of the AlxGa1_xAs does nat reveal any new features, since 

this layer is so thin (87 nm) that the number of charge carriers generated in it 

was negligible compared to the number of carriers generated in the GaAs 

sublayer. 

An illustration of the differential lateral photo effect is shown in Fig. 2.12. 

Fig. 2.12(a) shows the lay-out of the Hall bar. The lateral photo effect was 

measured across the cantacts connected to the main channel, i.e. cantacts 1 

and 7. The part enclosed by the box was first studied by conventional (reflection) 

scanning optica! microscopy (see Fig. 2.12(b)). Clearly visible are the boundaries 

of the mesa. The conneetion of the side arm to the main channel is about 20 J,tm 

wide, so it is evident from Fig. 2.12(b) that the spatial resolution is better than 

5 J,tm. Also visible are some dust particles on the surface. In Fig. 2.12(c) the 

same part of the sample is displayed in the lateral photo effect mode. The 

voltage measured across cantacts 1 and 7 is displayed in grey tones. One 

clearly sees that the measured voltage increases trom the right to the left. 

Separate line scans (nat given here), i.e. the voltage as a tunetion of the laser 

spot position (horizontal in Fig. 2.12), show that the voltage increases linearly 

with position, with only smal! deviations trom linearity. These deviations indicate 

variations in the resistivity or the generation efficiency, see Eq. 2.11 . Also visible 

in Fig. 2.12 (c) are two major structures, showing up as lines trom the left to the 

right (moving somewhat upward). Due to the limited dynamic range obtainable 

with the normal lateral photo effect the contrast vanishes rapidly off-centre, 

running into saturation (± 10 mV) on the boundaries. Th is problem is completely 

overcome using the differential lateral photo effect, as is apparent trom 

Fig. 2.12(d). Fig. 2.12(d) has been obtained with a 675 Hz modulation of the 

mirror completing a line scan in seconds. The time constant of the lock-in 

amplifier used was 30 ms with a 50 J.tV sensitivity (to be compared with the 

10 mV change in the normal lateral photo effect experiment). The amplitude x1 of 

the scan was approximately 5 J,tm . The line structure is now totally visible in much 

more detail. In this picture we see a smooth grey background confirming the 

assumption that the last term of Eq. 2. i 2 can be neglected. In addition, the 

smooth background makes it much easier to campare the different features at 

different positions in the bar because they are all relative to the same 
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background colour. Due to the increased resolution new features emerge, e.g., 

the pair of dots somewhat above the end of the bottam crack. 

Eq. 2.12 allows us to make some further obseNations about the different 

sorts of contrast. lt is evident that contrast could be obseNed either as a result 

of local changes in the generation rate, g, intheGaAs sublayer, or as aresult of 

variations in the resistivity of the electron gas, Pe . The signal would only be 

affected by changes in g if the light spot lies directly upon a zone in which g is 

different. Such changes in g could arise because of a very high local 

recombination rate. lt is clear that the resulting contrast reflects the shape of the 

defect convoluted with the electric field distribution around it29 . A crack in the 

GaAs for example would result in a very sharp contrast. Changes in Pe. on the 

ether hand, would result in a change in the signal if the spot were anywhere 
within a distance of the defect camparabie to the decay length. Such a contrast 

would be more gradual, and its spatial variatien would be a convolution of the 

shape of the defect with the decay length. Of course, an interruption of the 

electron gas associated with a crack in the GaAs sublayer would have a very 

high resistance and thus it would give a contrast by bath mechanisms 
discussed. Finally, it is evident that if there is a large-scale variatien of the 

resistivity, Pe · along the length of the specimen, the zero photo voltage position 

would nat lie exactly midway between the cantacts : this would be the crigin of 

the variabie position of the dark-light transition so clearly obseNed in Fig. 2.11. 

A third type of contrast can arise from extended defects that have an 

electrical charge. This charge can deplete the two-dimensional electron gas by 

pushing the conduction band above the Fermi-level and obstruct the electrons. 

Furthermore, the lateral band structure changes and in-plane electric fields 

appear. lf the e-h pairs are created in the vicinity of such a defect the holes will 

move towards the defect and the electrans away from it. As a result of this the 
contact at the side of the illumination will become negative. This is visible in 

Fig. 2.11 as the black areas in the mainly white regions and vice versa. The 

change in band edge is also in agreement with the previously made statement 

(section 2.2 and 2.3) that while the defects cannot be seen with either optical 

microscopy ar scanning electron microscopy, they show up in all experiments 

invalving the electrical properties of the two-dimensional electron gas 
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Chapter 3 

Ohmic Contacts 

3.1 Introduetion 

To perfarm transport experiments on semiconductors one generally uses 

electrical cantacts to supply a current or voltage. In some cases the quality of 

these cantacts is not important. For example in four terminal experiments (van 

der Pauw) the effects caused by the cantacts are cancelled. In other cases, 

where it is not possible or not desirabie to perfarm tour terminal experiments, 

cantactscan become extremely important and their properties should be known 

in detail. In this chapter we describe how one can make and understand the 

AuGe/Ni contact to the two-dimensional electron gas of a GaAs/ AlxGa1.xAs 

heterostructure. Furthermore, we describe how the contact resistances are 

determined and how an optical beam induced current (OBIC) technique can be 

used to reveal the homogeneity of one single ohmic contact. 

In principle, electrical cantacts can be divided into the categories of ohmic 

cantacts and Schottky contacts. These are different in electrical properties and 

thus are used tor different purposes. Although we only perfarm experiments on 

samples with ohmic contacts, a profound understanding of the physics of 

Schottky cantacts is necessary to understand the behaviour of ohmic contacts. 

In the discussions of our experiments we therefore include a discussion of both 

types of contacts. 

When one connects a metal to a semiconductor (we assume an n-type 

semiconductor) a current flows trom one material to the other until the 

Fermi-levels are equal. The direction of this current depends on the work 

functions of the metal (4>m) and the semiconductor (4>s) · The work tunetion is the 

minimum energy necessary to let an electron escape trom a metal or a 

semiconductor to the vacuum. lf 4>m < 4>s. the current flows trom the 

semiconductor to the metal leaving a space charge region in the n-type 
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semiconductor. This space charge causes the bandtobend upwards (Poisson's 

equation) and a barrier appears between the metal and the bulk of the 

semiconductor. This Schottky barrier has a rectifying influence on the current. In 

the case of a positive voltage applied to the semiconductor with respect to the 

metal the absolute current is higher than in the case where a negative voltage is 

applied to the semiconductor. 

Within this model, which assumes that the band model is applicable also to 

the surface of the sample, one would obtain an ohmic contact if 1/Jm > rPs· The 

band model is applicable if we have an ionic crystal. Unfortunately, only a tew 

semiconductors are ionic with a work tunetion so low that a suitable metal can 

be found to make an ohmic contact. Forthese ionic semiconductors the barrier 

height is strongly dependent on the metal work function. One of the tew 

semiconductors, that is sufficiently ionic and has a low enough work function, is 

CdSe. One can make ohmic cantacts on n-type CdSe using indium or gallium. 

In the case of a covalently bonded semiconductor such as Si or GaAs the 

bands between the atoms of the crystal near the surface have to be taken into 

account too. This changes the situation of the formation of a Schottky barrier or 

an ohmic contact dramatically. The dangling bands at the surface of these 

materials appear in the band structure as so-called surface-states lying in the 

middle of the band gap. Since electrans have less energy when residing in these 

surface states, the surface states fill up with electrans trom the donors. This 

results in a negatively loaded surface and a positively loaded depletion layer. 

Thus we obtain a surface barrier, even when no metal is attached to the surface. 

lf we attach a metal contact to the surface, it is in practice found that the barrier 

height is mainly dependent on the semiconductor and not on the metal. The 

number of dangling bands depends not only on the number of surface atoms 

but also on the surface reconstruction. Furthermore, surface states also occur as 

metal-induced gap-states due to the adsorbed atoms, or as states resulting trom 

surface damage. 

The formation of a surface depletion layer even without a metal layer is a 

serieus drawback in the fabrication of ohmic contacts. In principle, all metal 

semiconductor interfaces behave then as Schottky barriers. To make the contact 

ohmic two possibilities exist, i.e. reduce the barrier thickness or lower the barrier 

height. Bath are achieved by heavily doping the top layers of the semiconductor. 

The Schottky barrier is lowered by an attractive image potential at the metal 

surface. This image potential changes the parabalie depletion region. lf the 

reduction of the Schottky barrier could be made equal to the band bending at 
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the surface, an ideal ohmic contact would arise. For GaAs this requires a surface 

qoping càncentration of 2. 7 · 1 o2s m-3• Th is is impossible to achieve. Since a 

reduction of the barrier thickness proceeds much easier than by a reduction of 

the barrier height, quanturn machanical tunneling through the barrier rather than 

transport over the barrier makes the contact to be ohmic. 

The principlesof ohmic cantacts discussed sa far are described in detail in 

the reviews by Rideout1, Tyagi2 and Sze3. 

Same difficulties, however, arise when one looks at a real contact. Here, 

one has to take into account the material aspects of the different phases, which 

are formed during the fabrication process. This is best illustrated, if one looks at 

the AuGe/Ni contact on a GaAs/ AlxGa1_xAs heterostructure, in which the six 

elements are present in a substantial amount. These can farm an almast 

unlimited variety of different binary and ternary compounds (see e.g. Ref. 4 tor 
the different binary compounds). Which phases are formed during the 

processing of the ohmic contact is heavily dependent on the amounts of Au, Ge 

and Ni deposited on the sample, its layer composition, and the layered structure 

of the material to be contacted. Furthermore, the alloying time and temperature 

and the heating and cooling history influence the formation of the ohmic contact. 

For the AuGe/Ni contact on bulk GaAs Kuan et al.5 investigated the 

formation of the different phases, their morphology and their impact on the 

contact resistances. They used among others transmission electron microscopy 

and energy dispersive x-ray analysis. They found that during the early stage of 

the alloying process (90 s), mainly grains of Au, NiAs, and NiGe are formed. Only 

the Au grains extend far enough into the GaAs to reach the active layer resulting 

in a high contact resistance. This high resistance is due to the formation of a 

Schottky barrier between the Au and the GaAs. At intermediate alloying times 

(115 s) small grains of the Ni2GeAs phase are formed adjacent to the active 

layer. Kuan et al. attribute the lowering of the contact resistance in this case to 

the presence of a heavily Ge-doped region near the Ni2GeAs. This region lowers 

the potential barrier and reduces its thickness. After long alloying times (120s) 

they see the grains of especially Au grow. This eventually increases the contact 

resistance, because the ohmic regions are reduced and the Schottky regions are 

increased. Since the Ni is important near the interface of the contact and the 

active layer of the GaAs, it seems logical to deposit the Ni first. This has been 

done by Murakami et al. 6 and Callegari et al. 7. Higman et al. 8 performed similar 

experiments on bath AuGejNi and AuGejAg cantacts on modulation doped 

GaAs/ AlxGa1_xAs heterostructures. 
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From the above we conclude that the contact resistance is determined by 

either the spot-like character of the contact or the barrier resistance. The 

dependenee of the contact resistance on the doping concentratien (Nd) is given 

by Nd -t for the spot-like type of resistance and by the square root of Nd -t for the 

barrier type of resistance9. Analysing the results of about 20 different papers, in 

which experimental results are reported on samples with doping concentratien 

ranging trom 1021 to 1025 m-a, Braslau9 finds that the contact resistance is 

inversely proportional to doping concentration. This strongly indicates that the 

resistance of the contact is due to the spot-like character of the contacts. 

Kuan5 

Murakami8 

eallegari7 

Higmans 

Prost10 

This werk #1 

This work #2 

This werk #3 

Table 3.1 

Ni Au Ge Ni Au alloying time temperature 

- 100nm 20nm 50nm 90,115, 120s 400-450 oe 

D-10nm 100nm 25-35nm 50nm 120 s 400-600 oe 

5nm 100nm 30nm 50-100nm ? 400-700 oe 

- 240nm 30nm 120nm 5, 10, 20 s 430oe 

- 175nm 36nm - 80s 450 oe 

- 50nm 10nm 25nm 5-200 s 430oe 
--

- 75nm 15nm 25nm 5-200 s 430 cc 
--

5-10nm 75nm 5-10nm 25nm 30s 430 oe 

Layer thicknesses and alloying times and temperatures used by 
different authors. 
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3.2 Technology and Experimental Methods 

The fabrication process of an ohmic contact consists in principle of two 

photo-lithographic steps, i.e., the definition and subsequent mesa-etching of the 

active area of the heterostructure and secondly the definition and lift-off of the 

metallisation foliowed by alloying. 

We start with a modulation-doped heterostructure, grown by molecular 

beam epitaxy on a semi-insulating substrate. Subsequently a 100 period 

GaAs/AixGa1_xAs superlattice (2.5 nmj 2.5 nm), a 500 nm GaAs buffer layer, a 

20 nm undoped AlxGa1_xAs, a 38 nm 1.3·1 024 m-3 Si-doped A~Ga1_xAs layer 

(x = 0.33) and a 17 nm undoped cap layer were grown. The mobility and 

electron density versus temperature are depicted in Fig. 1.2. The water is cleaved 

into samples of 12x4 mm2. Next, we degrease the sample in boiling propanol, 
foliowed by cleaning in chloroform and in deionised water. After that the 

photoresist is applied and baked for 30 minutes at 900 C, the resist is illuminated 

through a contact mask, developed and baked again. 

The mesa etching is done in a H20 2:H2S04 :H20 (1 :4:50) solution. The 

hydragen peroxide oxidises the surface, while the sulfurie acid dissolves the 

formed oxide. For a extensive treatise on etching of III·V compounds see 

Ref. 11. After the mesa-etching the photoresist mask is dissolved in acetone and 

the sample is cleaned in deionised water. 

The second lithographic step is essentially the same except that instead of 

the mesa etching we use a plasma etch in H2/N2 gas for 5 minutes and 

evaparate the contact metals. The lift-off is performed by ultra-sonic agitation in 

acetone. 

The edges of the second photoresist mask should be of the best of quality 

to ensure that the lift-aft process proceeds easily. No conneetion between the 

layers on top of the photoresist and the layers directly at the sample should 

exist. In tact it would be preferabie to have an overhanging mask. Ways to make 

such an overhang are described in Ref. 12. 

To ultimately obtain an ohmic contact the samples are alloyed at 4500 Con 

a strip-heater for 5 to 200 s. 

In Table 3.1 different layer compositions used by different authors are 

described. To campare this data is rather ditticuit since it is nat always known 

how the metal layers are evaporated or sputtered on the surface, how the 

alloying is done (rapid thermal annealing, with a strip heater, or a conventional 

processin a oven) or how the temperature is measured. 
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The pattem, in which the cantacts are formed, is a so-called transmission 

line pattern; in our case a mesa of 705 p.m long and 25, 50, 100, ar 200 p.m wide 

with five ohmic cantacts of 100 p.m long and 15, 30, 60, and 100 p.m apart. This 

pattem allows us to determine contact resistances and to perfarm time-resolved 

experiments in high electric fields (see Chapter 4 tor the high field experiments). 

lf we assume that the two-dimensional electron gas is homogeneaus with a 

specific resistance (p0 ) and assume that the contact resistances (Re) of all 

cantacts are equal, the resistance between two cantacts a length (/) apart and 

with width (w) becomes 

R(l/w) = 2Rc + p 1/w. 
D 

(3.1) 

lf we determine the resistance as a tunetion of the length to width ratio one 

obtains the contact resistance. Since the contact resistance scales inversely with 

the width of the sample, we define a specific contact resistance (pc) as 

Pc =Re W. 

M 

(a) 

Rg. 3.1 

s M s 

(b) 

The band-edge diagram of (a) a Schottky contact and (b) an 
ohmic contact. Both are il/uminated with a laser to create 
electron-hole pairs. The metal contact is indicated with M and the 
semiconductor with S. In the Schottky barrier the electrans (-) 
and holes ( +) are separated by the built-in electric field. 

(3.2) 
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(More details about the transmission line model for cantacts on planar devices 

can be found in Refs. 13 and 14). 

With this technique, which is commonly used to determine the quality of an 

ohmic contact (the lower the contact resistance the better the contact) no 

intermation about the homogeneity of the contact is obtained except trom 

deviation trom the linear relation of Eq. 3.1. No intermation about one specific 

contact can be obtained either. To directly image the electrical properties of the 

contact we use an optica! beam induced current technique. We use essentially 

the experimentalset-up as is depicted in Fig. 2.10. The sample is illuminated with 

a HeNe laser spot with a diameter of about 1 J.Lm. We measure the voltage or the 

current between two adjacent contacts. lf we position the laser spot far away 

trom any contact the photo voltages measured are due to the lateral photo-effect 

as we have extensively described in sectien 2.5. lf we position the laser spot 
near one of the cantacts the photo voltage changes sign. This we can 

understand if we have a closer look at Fig. 3.1 . In Fig. 3.1 (a) a Schottky contact 

is drawn, which we illuminated in order to create electron-hole pairs. The holes 

move towards the interface while the electrans move away trom the interface due 

to the internal electric field. A potential ditterenee builds up between the rear of 

our sample and the metallic contact. In the case of an ohmic contact no internal 

electric field exists to separate the electrans and the holes and no photo voltage 

builds up due to the contact (Fig. 3.1 (b)). 

In our experimental situation we use planar cantacts and determine the 

voltage difference between them. In the case that the laser spot is positioned 

near one contact, the other contact serves as the rear contact. Since we have a 

contact between the metal and the semiconductor in the plane of the water, the 

contrast measured with the optica! beam induced current technique gives 

intermation about which parts behave as ohmic cantacts (no contrast) and 

which parts behave as Schottky cantacts (high contrast). 
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3.3 Results and Discussion 

In Fig. 3.2 we plot the specific contact resistances of the GaAs/ AlxGa1.xAs 

heterostructures with metallisations #1 and #2 of Table 3.1 as a tunetion of the 

alloying time. We see in both cases that the specific contact resistance at short 

alloying times is high and drops rapidly to obtain its minimum value at about 30 

seconds. For langer alloying times the specific contact resistances slowly 

increase. The two curves of Fig. 3.2 give the general trend of how the contact 

resistances behave as a tunetion of the alloying time although the specific values 

of the contact resistances or the alloying time depend heavily on the fabrication 

process. 

We tried to keep the metal layer as thin as possible, since that makes the 

lift-off process easier. From Fig. 3.2 we see that the amount of Ni and Ge 

necessary to make an low ohmic contact has a lower limit. 

To see where the metal farms an ohmic contact with the semiconductor we 

made optica! beam induced current images of the series of samples #1, which 

are indicated tor the different alloying times by (a) to (f), corresponding with 
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Rg. 3.2 Specific contact resistance as a tunetion of the alloying time tor 
metallisation # 1 and #2 of Table 3. 1. 
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(a) (b) 

(c) (d) 

(e) (f) 

Rg. 3.3 Optica/ beam induced current image of metallisation #1 tor 
al/oying times of 5 (a), 10 (b) 20 (c), 40 (d), 80 (e) and 200 (f) 
seconds. 
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Fig. 3.3(a) to (f). The sample shown in Fig. 3.3(a) has only been alloyed for 5 s. lt 

shows mainly a Schottky kind of behaviour in the electrical measurements and 

the optica! beam induced current picture is homogeneous. The extent of the 

contrast is much larger than one would expect if one looks at the depletion 

length (a tew microns) of the Schottky barrier. This can be understood if one 

takes into account the ditfusion of the electrans and holes. lf the diffused 

electrans and holes reach the Schottky barrier they are separated and contrast 

occurs even when the sample is not illuminated directly at a position where a 

built-in electric field is present. 

Of course, we now disregard the presence of the lateral photo effect (see 

sectien 2.5). Bath the lateral photo-effect and the Schottky-barrier induced 

current should be taken into account, but tor these small samples (typical 50 ttm 

in contrast with the 5 mm long samples of section 2.5) only the latter is 
important. For the langer samples the lateral photo effect is dominant in the 

interlor of the sample. Near the cantacts the Schottky barrier induced currents 

are important. This is for example shown in Fig. 2.11 , where we illustrated the 

lateral photo effect. Near the "ohmic" cantacts one notices that at several places 

near the contact the contrast is opposite to the general trend of the lateral 

photo-effect. This is caused by the inhomogeneity of the ohmic contacts. 

lf we alloy the ohmic cantacts tor a somewhat langer time, breaches are 

formed in the Schottky barrier (as can be seen at the left contact of Fig. 3.3(b)). 

These breaches are visible as parts where less contrast is present. lncreasing 

the alloying time removes almast all contrast (Fig. 3.3(c) to (e)). At an alloying 

time of 200 s the Schottky barrier is formed again at several places. 

These experiments are in agreement with the observation of Braslau9 , who 

finds that the contact resistance behaves inversely proportional to the doping 

concentratien and thus concludes that the contact resistance is caused by the 

spot-like character of the contact rather than by tunneling through the Schottky 

barrier. 

To investigate the influence of the Ni we first made a metallisation with only 

the AuGe (75 nm) and the Au (25 nm) layer and did notevaparate the Ni layer. lf 

we alloy these samples, the layers do not remain homogeneaus and the 

AuGej Au starts to ball up and to farm lîttle dropiets on the surface (see 

Fig. 3.4(a)). Due to the inhamogeneaus AuGe/ Au metallisation the electrical 

behaviour is also inhamogeneaus as we illustrate with the optica! beam induced 

current picture Fig. 3.4(b). 
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The prevention of this balling-up phenomenon can be done by the 

insartion of a Ni layer (see Fig. 3.3). The Ni layer impraves the wetting of the 

molten AuGe. However, the Ni has another important influence on the formation 

of the ohmic contact. The formation of the Ni2GeAs phase at the interface is 

important toa as has been shown by Kuan. et al. s. Th is can be investigated by 

dividing the Ni layer into two layers, one directly on the semiconductor surface 

and one in between the AuGe and the Au top layer. lf we split the Ni layer in a 

5 nm and 10 nm layer respectively, the first observation is that metal sticks better 

to the semiconductor than without a Ni layer directly on top of the 

semiconductor. This makes the lift-aft process easier. Secondly the contact 

resistances are lower and the cantacts are more homogeneous. lf the ratio of the 

Ni layer thicknesses is 10 nm/5 nm the cantacts become so inhomogeneous 

that no contact resistance can be determined. lf we assume that the formation of 

the Ni2GeAs phase (actually this is an alloy of the NiGe and NiAs phases) is 

important, this behaviour can be understood. In the case of the Ni layer between 

the semiconductor and the AuGe the Ni dissolves in the AuGe liquid and starts 

to form the NiGe phase. Only îf the totallayer of Ni is dissolved, can the Ni2GeAs 

be formed. In the case of the Ni layer on top of the AuGe layer both the Ni and 

the As can directly dissolve in the AuGe and this problem does not exist. The 

(a) 

Rg. 3.4 

(b) 

(a)scanning optica/ microscopy picture of a sample with ohmic 
cantacts without the use of Ni. One notices the balling up of the 
AuGe tayer after alloying and (b) the optica/ beam induced 
current image of the same sample. 
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advantage of the thin Ni layer directly on top of the semiconductor is that the 

alloying proceeds much slower due to the higher melting point of the NiGe and 

NiAs phases. 

For the hot electron experiments as described in chapter 4 it is necessary 

to know how the contact resistances depend on the magnetic and the electric 

field. In Fig. 3.5 we show the resistance variatien (D. R) of a sample in a magnetic 

field. The measurements performed in the remaining part of this chapter are 

done on samples of Prost (see Table 3.1). We used currents of 10ttA. The 

resistance of our samples changes due to the geometrical magneto-resistance 

effect, which can easily be calculated in the case of zero contact resistances14 -IS. 

lf we take the contact resistance independent of the magnetic field we obtain the 

triangles of Fig. 3.5. The contact resistance is determined with the transmission 

line experiments at zero magnetic field. The curve is calculated using the theory 

of Lippmann and Kuhrt adjusted tor the contact resistance16 -17 . From the 

coincidence of the curve with the triangles we conclude that the contact 

resistances do nodependon the magnetic field. 

To see the influence of the electric field we determine the resistance of the 

samples with a lengthof 15~tm and 30 11-m as a tunetion of the electric field. The 

c 

Rg. 3.5 
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The change in resistance DoR of the two-dimensional electron 
gas as a tunetion of the magnetic field (B) . The curve denotes 
the theoretica/ calculation using the theory of Ref. 16. The 
triangles are experimtal results corrected tor the contact 
resistance as determined with Eq. 3. 117. 
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pulsed technique used prevented us trom easily determining the samples with 

lengths of 5 J,Lm and 60 J.Lm too. This is due to reflections of the pulses when we 

do not use a 50 n impedance matched circuit. With only two sample lengths one 

can design such a impedance matched circuit (see sectien 4.4). Since we only 

use two different sample lengths, the spreading in the experimental results is 

rather high. The intercaptions of the curves of Fig. 3.6 with the vertical axis 

denote the contact resistance and do notshow (in spite of the large errors) a too 

large dependenee on the electric field. 

In conclusion, we have demonstrated that by means of the technique of 

optica! beam induced current one can image the homogeneity of an ohmic 

contact. This gives valuable additional intermation about its quality. Ohmic 

centacts to the GaAs/ AlGaAs heterostructures were described in the same way 

as one usually discussas ohmic centacts to bulk GaAs. We did not take into 

account the fundamental ditterences, which originate trom the ditterences in the 

band edge of the two systems. These fundamental ditterences are important 

only when high electric fields are applied. They will be discussed in sectien 4.5. 

In this chapter we only used low currents (1-10 J.LA) with corresponding voltages 

between 1 mV and 20 mV (except tor Fig 3.6). These voltages are small enough 

to justify the sim i lar treatment of bulk GaAs and GaAs/ AlxGa1_xAs 

heterostructures. 
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Chapter4 

Hot Electron Transport 

4.1 Introduetion 

In sectien 1.4 we pointed out some aspects which are important for the 

operatien of a high electron-mobility transistor. Although sophisticated devices 

are fabricated nowadays, the basic understanding of quite a number of hot 

electron phenomena is stilllacking. In particular, the time-dependent behaviour is 

cantroversiaL To elucidate these questions, in principle, two types of 

experiments, i.e. optical and transport experiments, can be performed. In Fig. 4.1 

the main ditterenee between the two is illustrated. In optical experiments the 

8 
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~ 
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k x,y 

Fig. 4.1 (a) Optical injection of hot electrans and (b) the heating of an 
electron gas by an electric field. 
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electrans are inserted high in the conduction band by a photon and are caoled 

by polar optica! phonon scattering. About 5 to 10 optica! phonons per electron 

are emitted during the cooling down. In transport experiments the heating of the 

electrans originates trom the electric field and this heating should be taken into 

account toa. In transport experiments heating and cooling occur simultaneously 

in contrast with the optica! experiments. In principle, this makes optica! 

experiments favourable. A secend advantage of optica! experiments is that no 

electrical (i.e., neither ohmic nor Schottky) contacts, which are generally used in 
transport experiments, are needed. 

A disadvantage of optica! experiments is that bath hot electrans and holes 

are injected. In time-resolved experiments using light pulses trom 10 fs to 1 ps 

one can directly distinguish between the different scattering mechanisms and 

directly determine the scattering times. In transport experiments only intermation 

is obtained about the quasi-static state, in which a quasi-equilibrium exists 

between heating and cooling of the electrons. This is due to the limited time

resalution of electrical measuring systems. This deficiency can be evereome if 

ultra-tast electro-optic (Austin) switches in combination with an electro-optic 

dateetion methad are used1. Herewith bath generation and dateetion of the 

electrical signals are integrated with the device studied on a GaAs substrate. In 

this way a time-resalution below 1 ps is obtained. Some purely transport 

properties can be investigated, such as velocity-overshaat or switching-times of 

high electron mobility transistors. 

Although optica! experiments easily shine light on many physical questions 

about hot electrons, we performed transport experiments, because all 

experimental and theoretica! problems encountered in transport experiments 

have their impact on the device physics of the high electron-mobility transistor. 

Even if one knew all about the hot electron processes, it would not be possible 

to model real devices without taking into account the heating of the electrons, 

the influence of the changed electron distribution function, the influence of ohmic 

and Schottky contacts, and the transitional region between cantacts and 

epitaxial structure. The experiments, presented in this chapter, are performed 

using conventional tast (resolution of about 35 ps) electronic measuring 
methods. 

We start with a discussion of some theoretica! models to describe the 

electric field dependenee of the mobility and the electron distribution function, 

and discuss the validity and the difficulty of using these models tor the 

interpretation of the experimental results. The models discussed are the electron 
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temperature model2, the Green's tunetion approach of Lei and Ting3-6 and the 

Monte Carlo method7-9. 

In section 4.3 the geometrical magneto-resistance methad to determine the 

mobility is discussed, while in section 4.4 the experimental procedures are 

described. Furthermore, the reason why pulsed èxperiments are performed and 

their impact on experimental issues are discussed in that section. To understand 

time-dependent behaviour one has to know the influence of cantacts in the high 

electric field region. This is discussed in section 4.5. First we perfarm 

experiments in the case of a stationary (although far trom equilibrium) state, in 

which the properties of the cantacts do nat have to be included to explain the 

experiments. lf the electric field is increased, the special features of an ohmic 

contact to a GaAs/ A1xGa1_xAs heterostructure have to be taken into account. 

This leads to the necessity to look more carefully at the AlxGa1_xAs and 
eventually might result in chaotic behaviour of the electrons. 
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4.2 Some Theoretica! Models to Describe Hot Electron Transport 

One of the simplest way to describe the transport of charge carriers in a 

semiconductor is by solving the Boltzmann equation in the relaxation time 

approximation. This methad can be used when the electron distribution tunetion 

only slightly deviates trom its equilibrium. Furthermore, scattering processas 

should be either randomising or elastic. This is shown by Nag10 . For the polar 

optica! phonon scattering, which is neither randomising nor elastic, in principle 

no relaxation time can be defined. 

In high electric tields the distribution tunetion deviates considerably trom its 

equilibrium. Thus the relaxation approximation cannot directly be applied. To 

overcome this problem an electron temperature (Te), which represents the mean 

energy of the electrons, is introduced. In the electron distribution tunetion this 

electron temperature replaces the lattice temperature. In this electron 

temperature model a new equilibrium is detined and changes in the transport 

properties are attributed to temperature changes only. This model works quite 

well tor Si-inversion layers2, but fails for the high mobility GaAs/ AlxGa1_xAs 

heterostructure11• This is not so surprising since the distribution tunetion is not 

only tar trom equilibrium but the scattering is also predominantly by polar optical 

phonons, which cannot be described by a relaxation time. The electrans reach 

energies of at least 36 meV (the energy of a optica! phonon), while the Fermi 

energy is between 10 and 25 meV. A simple way, in which one can account tor 

this change in distribution tunetion is by aftsetting the distribution tunetion 

around k/:0 by t:.k. A centre of mass motion is then defined with an electron 

temperature associated with the relative motion of the electrons. However, the 

weakness of this procedure is that a prescribed distribution tunetion is used with 

two adjustable parameters. Deviations trom this distribution tunetion due to e.g. 

polar optica! phonon scattering, are not taken into account. 

In the theory of Lei and Ting3-6 this problem is circumvented. They start 

with the total Hamiltonian of the electron gas and include the interaction with 

both the impurities and the lattice. Without making any presumptions about the 

electron distribution tunetion they split the motion of the electrans into a centre 

of mass motion and a motion relative to this centre of mass. They define an 

electron temperature tor the relative motion, but do not make à priori 

assumptions about the distribution function. The expectation values of the 

physical variables are calculated using Green's functions. Hirakawa and Sakaki7 

oompare their experimental results on GaAs/ AlxGa1_xAs heterostructures with 
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bath the electron temperature model and the Lei and Ting model and find an 

excellent agreement with the Lei and Ting model. The electron temperature 

model, however, overestimates the mobility, which they attribute to the tast 

heating of thè electrans in this high mobility materiaL 

A third theoretica! possibility to investigate hot electron transport is by the 

Monte Carlo simulation. The methad is described by Jacoboni and Reggiani7 

and applied to GaAs/ A~Ga1_xAs heterostructures by among others Yokoyama 

and Hess8-9. An ensemble of electrans in a two-dimensional electron gas is 
simulated with random numbers. The methad is based on a quantum

mechanical treatment of the scattering processes and band structure and a 

classica! (Boltzmann like) treatment between collisions. However, these two 

processas are not solved simultaneously. For moderately high electric fields this 

methad describes our system quite nicely, but for high electric fields large 

deviations occur. Problems arise when many processes are included which 

obscure the understanding of the physical processes. However, tor the 

understanding of distribution-function dependent features it can be quite useful. 
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4.3 Determination of the Mobility by the Geometrical Magneto 
Resistance Method 

Ta determine the mobility (j.L) and electron density (n) of a two-dimensional 

electron gas one generally uses the van der Pauw method12- 13 or the Hall 

method13 . Van der Pauw measurements are nat suitable in high electric field 

experiments since the electric field is not homogeneaus due to the not-specified 

geometry. The measured mobility and electron density are therefore an average 

over an unknown area. 

Hall measurements (see Fig. 4.2(a)) are more suited since the field is 

homogeneous. The tour point measurements have the advantage that contact 

resistances do nat enter the equations. However, one has to perfarm 

high-impedance potential measurements, which in the case of high electric fields 

are ditticuit to perform, since AC-times rise (see section 4.4). A second 

disadvantage is that larger samples are needed to attach the voltage probes and 

to ensure that the length of the sample is much larger than the width (Hall 

condition). In spite of these difficulties high-field Hall experiments have been 

performed by Schubert et aJ.I4, van Welzenis et a/.15 and Hirakawa and Sakaki11 . 

I 
t 

l 

(a) (b) 

Rg. 4.2 (a) Hall bar geometry with a current path (---) independent of 
the magnetic field and (b) the geometry tor the geometrical 
magnero resistance experiment with the current path in zero 
magnetic field (--) and with applied magnetic field (-----). 



Hot Electron Transport 65 

A third method to determine the mobility is a measurement of the 

geometrical magneto-resistance, in which the deviation trom the Hall condition is 

used. lf the Hall condition is not fulfilled, the length of the path of the current 
increases when a magnetic field is applied (see Fig. 4.2(b}} and the resistance 

increases as well. The length of this path only depends on the mobility, the 

magnetic field, and the geometry of the sample, not on the electron density. lt is 

possible to determine the mobility, if the magnetic field and the geometry are 

known. Since one only has to determine the resistance as a tunetion of magnetic 

field, two-terminal experiments suffice. lf one furthermore chooses a rectangular 

geometry, the electric field is constant over the sample and we have allweneed 

tor high-field experiments. 

Kuhrt and Lippmann16-t7 have deduced the geometrical magneto

resistance tor such a rectangular geometry. Starting trom Maxwell's equations 
they derive a Laplace equation tor both the potential (4>} and the current, 

assuming 88/Bt=O and charge neutrality throughout the sample. As boundary 

conditions they define the potential at the cantacts to be 0 and U respectively, 

and at the edges of the sample they assume Ey/ Ex = (04> j8y)j(04> j8x) = J.LB. 

The relative change in resistance as a tunetion of magnetic field can be written 
as 

R(B) - R(O) _ b..R _ w 1 Z 
R(O) -R(O)-lcos(J.LB)N-î (4. Î) 

with wjl the width to length ratio, 

_ J"' cosh ( 2J.LBv /'~r) 
Z- [ 4k ]ldv, 

o (î +k)2 + (sinh(v}}2 • 

(4.2} 

and 

(4.3} 

In these equations k has to satisfy 

I K([1 -k2]t} 
- = 

2K(k} w 
(4.4} 
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with K the complete elliptic integral18 . We note that z. cos(J.IB) is proportional to 

the potential ditterenee integrated along one side of the sample trom one contact 

totheether and N· cos2(JJ,B)/p is proportional to the current flowing out of one of 

the cantacts with p the resistivity. In Fig. 4.3 we plotted the relative change in 

resistance as a tunetion of (JJ,B)2. One notices that tor small magnetic fields the 

geometrical magneto-resistance is linear in 82. Kuhrt and Lippmannts-ts show 

that under this condition and the condition that 1/w < 0.35 the geometrical 

magneto-resistance can be approximated by 

(4.5) 

with a geometry factor 

I I 
g~) = 1 - 0.544 w . (4.6) 

We use the last equations to determine the mobility of our samples. In 

Eq. 4.5 it is tacitly assumed that the physical magneto-resistance, i.e. the 
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Ftg. 4.3 Relative change in the resistance D. R/ R as a tunetion of the 
square of the magnetic field for 1/W = 0. 15, 0.30, and 0.60. 
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magneto-resistance as observed in Hall experiments, does nat depend on the 

magnatie field. In Refs. 13 and 16 the influence of the physical magneto

resistance is discussed. lt is small in our devices due to the degeneracy of the 

electron gas. In high magnatie fields, low temperatures, and low electric fields it 

should be taken into account. In the vicinity of B = 0, where we carry out our 

experiments, Eq. 4.5 holds reasonably well. 

Another problem arises if the cantacts are nat that perfect as assumed until 

now. In chapter 3 we discussed that the ohmic contact can suffer from the 

presence of non-zero contact resistances, inhomogeneity and rectifying 

properties. For rectifying cantacts one cannot solve our problem, but if we have 

a finite contact resistance, which is homogeneaus and independent of magnetic 

field, only the left hand side of equation 4.5 has to be multiplied with a simple 

tunetion of the contact resistance (Re)· lf wedefine the measured resistance as a 

tunetion of magnatie field as Rm(B) = R(B) + 2Re, Eq. 4.5 becomes 

(4.7) 

In section 3.3 we showed that Re is neither dependent on the magnetic 

field nor on the electric field. Since the contact resistance can be determined 

independently and rather easily, correct results can be obtained in the case that 

the cantacts are homogeneous. 

The problems become far more serious when the homogeneity of the 

cantacts is at stake. Bath tl1e contact resistance and the geometry factor have to 

be determined. Even if it would be possible to determine the two as a tunetion of 

the electric and magnatie field, it would be a farmidabie task. lt is thus clear that 

in practica good ohmic cantacts are indispensable. 

Another difficulty arises if two types of carriers have to be included. This is 

for instanee the case when more subbands with different electron densities and 

different mobilities are populated or parallel conduction is present. In this case 

Eq. 4.6 does nat apply anymore, since the precise dependenee on the magnetic 

field for the geometrical magneto resistance with saveral types of carriers has to 

be calculated. The problem then is that bath the different mobilities and the 

different electron densities enter the equations. Furthermore, if the mobilities are 

nat toa different, the ditterences are hard to determine. In our interpretation of 

the experimental results we do nat address this problem. 
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4.4 Experimental Issues 

When applying high electric fields quite a lot of energy is absorbed by the 

lattice and the lattice heats up. In that case bath the thermal and electrical 

properties of the semiconductor have to be included in the interpretation. Since 

this problem is rather complex, we try to prevent the heating of the lattice by 

performing experiments with short current pulses. In this case the average power 

input is considerably reduced. But also the heating during one pulse should be 

as small as possible. This can be achieved by a good heat transmission to the 

substrata or the helium bath. lf we assume room temperature, where the heat 

transport is diffusive, the temperature (T(t)) as a function of time is given by18 

T(t) (4.8) 

where 0 is the power input per unit area, Kis the thermal conductivity, K- = Kjpc, 

p the density and c the specific heat. Taking the values of Adachi19 for K-, p and c 

we obtain a temperature rise less than ·1 K tor the temperature range above 77 K. 

To assure that the heat can flow away between pulses, we kept our sample 

either in contact with He gas or submerged in the cryogenic (He or N2) liquid. Of 

course, the diffusive model as described above tor the conduction of the 

generated heat is due to tail at low temperatures, where phonons propagate 

ballistically through the semiconductor. lf the semiconductor is much thinner 

than the mean free path of the phonons, a detailed model about the phonon 

transmission through the interface between semiconductor and its environment, 

including thermalisation processes at this interface should be taken into account. 

Since such a detailed knowledge about our sample is nat available we had to 

determine experimentally whether the sample heats up. To this end we varied the 

length and repetition rate of the pulses. In the experiments at 300 K, 77 K, 4.2 K 

and 1.5 K we did nat abserve any lattice heating, independent of whether the 

sample was submerged in liquid helium, liquid nitrogen or in contact with helium 

gas at temperatures above 4.2 K. A typical value for the pulse length is 100 ns 

(varied from 20 ns to 400 ns) and tor the pulse repetition rate 40 Hz (varied trom 
1 to 1000Hz). 

The principles of the experimental set-up are described by Alberga20 -21 and 

our experimental set-up is schematically depicted in Fig. 4.4(a). lt consists of a 

cryostate mounted between the pole caps of an electra-magnet (tields up to 
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0.8 T). The samples are mounted on a disk with a strip-line configuration. This 

disk is screwed on a sample holder with six semi-rigid cryogenic coaxial cables. 

This is done to ensure that the supplied and detected signals travel undisturbed 

to and from our sample. 

For the pulse generation we use either a 50 n output HP 8112A pulse 

generator (0-8 V output) or a high-impedance pulse generator of the charging 

line type (> 8 V output). For the detection of the pulses a HP 1400-series 

sampling asciiloscape (resolution < 50 ps) is used. Bath the applied voltage and 

current are measured over the 50 n terminator of the sampler of the 

oscilloscope. Essentially two terminal experiments are performed, in which the 

only non-matched impedances are the sample and (if used) the high-impedance 

pulse generator (For the equivalent circuit see Fig. 4.4(b)). When using the latter, 

the main pulse is · foliowed by two reflections aft er 600 ns and 1200 ns. These 

reflections are used as probe pulses. With the 50 n HP 8112A pulse generator 

no reflections are present. lt is also possible to vary the rise and fall time 

(> 4.5 ns) of the pulse. This is used to determine whether time-dependent 

features are due to reflections or nat. The experimental set-up is tested using a 

400 n metal film resistor. Since the pulse shapes of the current and the potential 

(a} 

Fig. 4.4 

50 () 

v in 
sample 

cryostat 

(b) 

(a) Experimental set-up tor the pulsed experiments and (b) the 
equivalent circuit. 

V out 
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are identical up to voltages of 50 V, we conclude that no parasitic capacitances 

or self-inductions influence our results. 

The described experimental set-up is most suitable to perfarm geometrical 

magneto-resistance experiments, since no special precautions have to be taken 

todetermine voltages (high impedance detection) and the AC-time constants are 

kept that smal! that they do not affect the time-dependent physical phenomena 

we study. 

In our experiment we use two types of samples. Samples I are selectively 

doped GaAs/ AlxGa1_xAs heterostructures (x = 0.38) grown by Molecular Beam 

Epitaxy on a semi-insulating GaAs substrate. Subsequently were grown a 1 ~tm 

GaAs buffer layer, an undoped 6 nm AlxGa1_xAs spaeer layer, a 50 nm Si-doped 

AlxGa1.xAs layer and a 20 nm undoped GaAs cap-layer. AuGe/Ni ohmic cantacts 

were made by evaporation of 175 nm eutectic AuGe and 36 nm Ni, and by 

alloying the cantacts in a H2 ambient tor 3 minutes. The cantacts were arranged 

in a transmission line geometry of 100 ~tm wide and a contact spacing of 60, 30, 

15 and 5 Jtm. This spacing enables us to determine the contact resistances (see 

chapter 3). The contact resistances were about 0.3 0· mm. Samples 11 have a 

1 ~tm GaAs buffer layer, 1.7 nm Alu5Gau5As spaeer layer, a 40 nm 

1.5 · 1024 m·3 Si-doped A10 .25Gao.75As, and a 20 nm undoped GaAs top layer, 

with AuGejNi contacts, 600 ~tm apart. 
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4.5 Electric Field lnduced Parallel Conduction 

In order to perfarm experiments on the electrical transport of hot electrans 

in the two-dimensional electron gas of an AlxGa1.xAs/GaAs heterostructure, one 

needs to make good (i.e. low ohmic, non-rectifying and homogeneous) ohmic 

cantacts to the two-dimensional electron gas. Since the two-dimensional electron 

gas is buried a bout 100 nm below the free surface of the sample, one has to 

alloy through the top layers (mostly a GaAs cap layer, a Si-doped AlxGa1_xAs 

layer, and an undoped AlxGa1.xAs spaeer layer). One, in principle, also makes 

contact to these layers. Since the conduction band of the AlxGa1.xAs lies 

sufficiently far above the Fermi level in properly designed heterostructures, only 

conduction through the two-dimensional electron gas occurs. However, as we 

will show, this situation changes dramatically under the influence of an applied 

electric field . In Fig. 4.5(a) we have drawn a threecdimensional (one energy 

dimension and two spatial dimensions) picture of a GaAs/ AlxGa1_xAs 

heterostructure and the metallic cantacts connected to it. We assume that we 

have an ideal contact as can be seen from the absence of barriers between the 

two-dimensional electron gas and the contact. The transition from the contact to 

the semiconductor (bath GaAs and AlxGa1_xAs) is shown as a gradual and 

smooth curve. Although not known in any detail, wethink this to be appropriate 

since a AuGe/Ni (or any other ohmic) contact heavily dopes the adjacent 

semiconductor resulting in a gradual and smooth bending of the conduction 

band to the Fermi level. To illustrate the effect of an electric field we track the 

energy of an electron following two different paths: the first path starts in contact 

1 (source), goes through the two-dimensional electron gas and ends in contact 2 

(drain) (This is denoted in Fig. 4.5(b) with curves I). The second path again 

starts in the souree but goes through the minimum of the AlxGa1_xAs conduction 

band and endsin the drain (curves 11 of Fig. 4.5(b)). 
In the zero field case (F0) as shown in the upper two curves of Fig. 4.5(b) 

electrans only flow through the two-dimensional electron gas, since they cannot 

gain enough energy to move into the AlxGa1_xAs. lf we raise the field to Ft, the 

situation remains almast the same. Only a few electrans have enough energy to 

move from the contact into the AlxGa1.xAs. In the high field case (F2) the 

situation becomes totally different. The barrier is pulled down and electrans can 

flow almast freely into the AlxGa1_xAs. We now have electric field induced parallel 

conduction. The height of the barrier will strongly depend on the material 

parameters. 
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(a) Three-dimensional picture of the band edge of a 
GaAs/A/GaAs heterostructure and its conneetion to an ohmic 
contact. lndicated are paths 1 and 11 through the AlGaAs and the 
GaAs respectively, as used in {b). Umin is the minimum of the 
conduction band of the A/GaAs. (b) The energy as a tunetion of 
position through the two-dimensional electron gas (curves I) and 
the AlGaAs (curves 11) tor three electric tie/ds. lndicated are the 
zero field case (F0), the warm electron case (Ft) and the hot 
electron case (F,). 
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lf an electron moves through the AlxGa1_xAs, the scattering rate is high due 

to the high impurity concentration of Si-donors. lt is even likely that electrans are 

trapped by these ionised donor atoms (either shallow donors ar "DX" centres). 

Since the mobility of an electron in the AlxGa1_xAs is low, the main contribution to 

the conduction of the heterostructures is by the two-dimensional electron gas. 

However, the properties of the two-dimensional electron gas are strongly 

affected by charges in the AlxGa1_xAs. Due to extra electrans in the AlxGa1_xAs 

the charge density in the AlxGa1_xAs decreases, immediately modifying the band 

structure. Since the potential distribution is governed by Poisson's equation, 

Schrödinger's equation, and charge neutrality, every extra electron in the 

AlxGa1_xAs removes one electron trom the two-dimensional electron gas. In this 

way the electron density of the two-dimensional electron gas can be modulated 

by electrans flowing in the AlxGa1_xAs. Thus, properties of the two-dimensional 

electron gas are influenced substantially by the properties of the AlxGa1_xAs. 

Note that na transfer across the barrier ("real space transfer") is required. 
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A second effect of the charge carriers in the AlxGa1_xAs is that the minimum 

of the conduction band (Umin) reduces linearly with the increasing electron 

density of the two-dimensional electron gas, as we calculated using a self

consistent algorithm based on the theory described in Ref. 23. The algorithm 

was modified to take into account the surface depletion24 . Th is is illustrated in 

Fig. 4.6. When the barrier becomes lower the probability of the transfer of an 

electron from a contact to the AlxGa1_xAs increases exponentially. Within the 

above described frame work we conclude that properties of the AlxGa1_xAs and 

properties of the two-dimensional electron gas are bath important. This confirms 

the main conclusion of a paper by Kastalsky and Kiehl25 , who performed 

experiments on bath bulk GaAs and AlxGa1_xAs and on GaAs/ AlxGa1_xAs 

heterostructures with and without gates. They have clearly demonstrated that the 

properties of the A1xGa1_xAs cause the collapse of the current in high electron 
mobility transistors. However, they had no explanation. 

In the next section we wil! restriet ourselves to the warm electron regime, in 

which no transfer to the AlxGa1_xAs takes place, while in section 4.7 time

dependent effects in the conduction of the two-dimensional electron gas in 

higher electric fields are associated with this transfer. 
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4.6 The Warm Electron Regime 

Samples I as described in sectien 4.4 are used to study effects which 

occur at moderately high electric fields. The experiments are carried out in the 

regime F1 of Fig. 4.5(b). We have to account for the electron heating but we do 

nat have to account for the transfer of electrans to the AlxGa1.xAs. Ta determine 

the mobility we use the geometrical magneto-resistance method. In Fig. 4.7 we 

determine the relativa resistance change as a tunetion of the square of J.LB. This 

seems a proper choice tor a sealing parameter, because all theoretica! curves tor 

different mobilities are then identical. Consequently, we can campare results on 

the sample at different electric tields with the mobility being the only unknown 

parameter. The salution for Eqs. 4.1 to 4.4 is denoted by the solid curve. This 

theoretica! magneto-resistance curve perfectly matches the data points tor five 

different electric fields (and mobilities). Fig. 4.7 proves that up to fields of 

400 V jcm the theory of sectien 4.3 is applicable. The tact that one parameter is 

sufficient to fit the experimental curves also indicates that neither a secend 
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subband nor a parallel conducting channel in the AlxGa1_xAs is present er that 

the mobilities in bath channels are almest equal. From quanturn Hall experiments 

on the same samples we deduced that no secend subband is occupied and that 

no parallel channel in the AlxGa1_xAs exists in these samples at very lew electric 

fields. This, however, does net imply that electrens cannot occupy higher 

subbands at higher electric fields. 

In fields above 400 V jcm the shape of the geometrical magneto-resistance 

curves changes trom sublinear in 8 2 te superlinear. The reasen tor this 

behaviour cannot be found in the accupation of several channels, since in that 

case the curve remains sublinear. Massalink et al. 26, who found the same 

behaviour, argued that this may be due to the increase of the contact 

resistances with increasing magnetic fields. We did nat abserve any magnetic 

field dependenee at lew electric fields (see sectien 3.3). However, we did net 

check the situation that bath the electric and magnetic field are high. On the 

ether hand, at high electric fields the sample resistance dominatas the contact 

resistances and we do not expect disturbing effects in that regime. At present it 

remains unsolved why the magneto-resistance curves change trom sublinear to 

superlinear. 

In Fig. 4.8(a) the 1-V characteristics at 300 K, 77 K, and 4.2 K are given. At 

300 K the resistance is more er less ohmic in the whole voltage range while at 

lower temperatures the ohmic regime is reduced to the very lew voltages. The 

mobility as a tunetion of the electric field is depicted in Fig. 4.8(b). We used the 

single subband formulae in the higher fields toa, since the mobilities in the 

different subbands are almast equal. Note that in that regime the polar optica! 

phonon scattering dominatas over the remote ionised impurity scattering. 

We can increase the electron concentratien by illumination of the sample. 

In this way we empty the "DX" eentres (see sectien 1.2). The 1-V characteristics 

and mobility versus electric field curves tor different electron concentratien are 

depicted in Figs. 4.8(c) and (d) (T = 4.2 K). At lew temperatures the mobility 

increases with increasing electron density due te intensified screening, which 

reduces the remote impurity scattering. At higher fields the scattering with polar 

optica! phonons is dominant. In this region the scattering rates do nat depend 

on the electron density and the six curves of Figs. 4.8(b) and (d) coincide. The 

mobility saturates at a value independent of temperature, electron density, and 

zero field mobility, with a eerrasponding electron velocity of approximately 

2· 105 mjs. These results are in perfect agreement with the results of Hirakawa 
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and Sakaki11 • As we have mentioned in section 1.4 the maximum energy 

corresponding to this mean saturation velocity is 36 meV, which is the polar 

optica! phonon energy. However, this energy is measured from the bottam of the 

conduction band and nat trom the Fermi level. This implies that the energy state 

after the emission of a polar optica! phonon is close to the bottam of the 

conduction band. lf the electrans do nat relax to the bottam of the conduction 

band, the saturation velocity of the electrens would increase with a rising Fermi 

level. This can be excluded as we can see from Fig. 4.8(d) . This situation arises 

due to the strong scattering by polar optica! phonons. The scattering by polar 

optica! phonons may be the reason that the Gunn effect has never been 

observed in the two-dimensional electron gas of GaAs/ AlxGa1_xAs 

heterostructures, since the energy necessary to transfer an electron trom the 

r -valley to the X-valley (300 me V) cannot be reached. 
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Van Hall et a/.28 compared the data of Fig. 4.8(a) with their Monte Carlo 

simulation and found reasanabie agreement (see Fig. 4.9). They included the 

standard electron scattering mechanisms like acoustic phonons, optica! 

phonons, ionised impurities, and interface roughness scattering. To account for 

the Pauli principle a simple assumption is made tor the distribution function. They 

ascribe the discrepancy between the measured data and the simulation to the 

simplicity of this distribution function. This distribution tunetion is indeed 

somewhat simple, if we reeall the above mentioned effectiveness of the polar 

optica! phonon scattering. This scattering changes the shape of the distribution 

tunetion considerably. Yokoyama and HessB-9 calculated this distribution 

tunetion and found a sharp cut-off of the distribution tunetion at the energy of the 

polar optica! phonon (36 meV). 
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4.7 The Hot Electron Regime 

When we apply higher electric fields (about 1 kV jcm) we abserve 

time-dependent features in the current. In samples 11 we abserve that the current 

drops sharply, shortly after the voltage is switched on (Fig. 4.1 O(a)). The 

associated resistance is depicted in Fig. 4.10(b). The resistance of the sample 

does not reeover immediately after the voltage is switched off. This is illustrated 

by the two probe pulses which fellow the first pulse. The resistance in the two 

probe pulses is equal to the resistance at the end of the applied pulse. To 

determine whether the mobility or the electron density varies as a tunetion of 

time, we performed a geometrical magneto-resistance experiment at different 

times within the pulse (Fig. 4.11). One directly notices that the curves in the top 

of the current pulse and near the end exactly coincide. Since the geometrical 

magneto-resistance does nat depend on the electron concentratien but only on 

the geometry and the product of mobility and magnetic field (see sectien 4.3), 

we conclude that the mobility remains unchanged during the pulse and that we 

consequently lose carriers. This condusion is justified, since in the hot electron 

regime the mobility is almast independent of the electron concentratien 

(compare with Fig. 4.8(d)). 

To understand the phenomena described above we assume that the 

electrans move trom the contact into the AlxGa1_xAs and that they are trapped by 

Si•-impurities. This changes the electron concentratien in the two-dimensional 

electrans gas immediately. When we vary the repetition rate of the pulses around 

typically 40 Hz, we do nat abserve any change in the pulse shape. This means 

that the delrapping time is shorter than 25 ms. We used a sampling technique to 

measure the voltage and the currents. 

This detrapping time strongly depends on how the Si-doped AlxGa,.xAs 

has been grown, i.e., the doping level, and the incorporation of the Si in the 

lattice as shallow or deep donors is important. In the samples I described in 

sectien 4.4 we abserve the presence of oscillations in the current at 77 K in the 

range of 800 Vjcm to 1200 V/cm (Fig. 4.12). We attribute these oscillations to 

the successive popuiatien and depopulation of the AlxGa1_xAs with electrans 

from the souree contact. In this way the electron density of the two-dimensional 

electron gas is varied. The popuiatien time (equivalent to the time of the collapse 

of the current) is determined by the time the electrans need to evereome the 

barrier and settie in the AlxGa1_xAs, while the depopulation time, i.e. the 

relaxation of the current to its original value, is attributed to the detrapping time 
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and the consecutive release of the electrans to the drain contact. The popuiatien 

depends on the height of the barrier which is determined by the electron density 

of the two-dimensional electron gas and is, like the detrapping, a highly 

non-linear process. Ta understand the oscillatory behaviour we campare our 

system with a bulk GaAs sample, in which avalanche of electrans trom shallow 

donors causes current fluctuations29-3°. Such a system can show steady state, 

oscillatory and chaotic behaviour, due to the non-linear process of detrapping29 . 

Assuming that such a process is also possible in AlxGa1_xAs, electrans which 

move trom the contact to the AlxGa1_xAs modulate the charge density in the 

A~Ga1_xAs. Consequently, the electron concentratien of the two-dimènsional 

electron gas and thus the conductivity is changed. lf the avalanche process in 

the AlxGa1_xAs is oscillatory, the conduction in the two-dimensional electron gas 

oscillates toa. Since the resistance of the two-dimensional electrans gas is much 

lower than the resistance of the AlxGa1_xAs, we only determine the current 

through the two-dimensional electrans gas. The current oscillates as is shown in 
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Fig. 4.12. In our case we abserve steady state behaviour in fields below 

800 V ;cm (Fig. 4.8), oscillatory behaviour between 800 and 1200 V ;cm, and an 

unstable situation above 1200 V 1 cm. The fields at which the oscillations occur 

are more than one order of magnitude higher than in the case of bulk GaAs. This 

can be understood by the ditterenee in energy levels of the Si-ions incorporated 

in the GaAs or A1xGa1_xAs, and the field necessary to evereome the barrier 

between the contact and AlxGa1_xAs. 

When we apply minor magnetic fields ( < 0.1 T). we abserve that the 
oscillations become more stabie and we abserve two frequencies at a magnetic 

field of 0.1 T (frequency doubling). This is consistent with Ref. 29. lf the magnatie 

field is increased above 0.5 T, the oscillations abruptly disappear. 

To illustrate that the datrapping is field dependent we determined the time 

between two dips in the current oscillations as a tunetion of the electric field (see 

Fig. 4.13). lf we increase the electric field the datrapping becomes taster as is 

noticed from the tact that the frequency of the oscillations is enhanced. lt is also 

possible to increase the electron density of the two-dimensional electron gas 

with the persistent photo conductivity effect. The consequence of this increase is 
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that the Fermi level rises and the minimum in the AlxGa1_xAs conduction band 

comes nearer to the Fermi level. When we abserve the oscillatory behaviour, one 

notices that the threshold electric field decreases with increasing electron 

density. We thus conclude that the threshold field of the oscillations is 

determined by the height of the minimum of the AlxGa1_xAs conduction band, 

while the asciilation period is dependent on the electric field. 

lf a negative differential resistance were the reason tor oscillatory behaviour 

(e.g., Gunn effect) the asciilation period would be linearly dependent on the 

length of the sample. In our samples, however, we do nat abserve any length 

dependenee (see Fig. 4.14). This rules out that the oscillations originate trom the 

Gunn effect. On the other hand, our explanation of the observed oscillations in 

terms of trapping and datrapping of carriers in the AlxGa1_xAs is completely 

consistent with the experimental results. Note, that no transit times occur in our 
model. 

The interpretation of our experimental results by a non-linear model is in 

some aspects rather similar to the approach of Schöll and Aoki3H 3. Schöll and 
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84 Chapter 4 

Aoki have performed model calculations on GaAs/ AixGa1_xAs heterostructures 

with a parallel electric field so high that real space transfer takes place (at 

T = 300 K). Their model is based on a time-dependent balance equation tor the 

carrier density and the electron temperature and takes into account the dielectric 

relaxation of the band structure. The reai-space transfer decreasas the electron 

density of the two-dimensional electron gas and decreasas the space charge in 

the AlxGa1_xAs toa. Schöll and Aoki find that in sufficiently high electric fields the 

current oscillates. They attribute this to the population of the AlxGa1_xAs by real 

space transfer and the subsequent depopulation by tunneling through the barrier 

back into the two-dimensional electron gas. The time scale is determined by the 

dielectric relaxation time. This scenario leads to steady state (low electric fields), 

oscillations, period doubling, and eventually chaotic behaviour in high fields. 

lf we replace the idea of reai-space transfer with the idea of transfer of 

electrans from the contact to the AlxGa1_xAs and the tunneling through the 

barrier by the datrapping of electrans trom the Si-atoms, the models are 

equivalent. The ditterences between the two time-scales is explained by the fact 

that the Schöii-Aoki case the dielectric relaxation time is important while in our 

case the asciilation period is determined by the detrapping. 
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Surnrnary 

This thesis deals with some aspects, which are important tor the 

understanding of a high electron-mobility transistor. This transistor obtained its 

fame trom its excellent high frequency behaviour bath in logic and microwave 

applications. These devices are in principle field effect transistors with a 

two-dimensional electron gas of for instanee a GaAs/ AlGaAs heterostructure as 

the conducting channel. Since these devices are smal! ("' 1 ,um) and applied 

voltages are usually about 1 V, high electric field effects are important. 

In this thesis we concentrats on the homogeneity of the two-dimensional 

electron gas, the ohmic cantacts and instabilities present when high electric 

fields are used. 

After a general introduetion we present some techniques to image the 

electrical properties of the two-dimensional electron gas. The first technique uses 

liquid crystals to reveal regions where high electric fields are present. SEM 

voltage contrast and a technique which uses the electro-optic effect of the GaAs 

substrate are used to measure the potential distribution, while the lateral photo 

effect is used to image the local resistivity of the two-dimensional electron gas. 

The main results is that most samples are not homogeneaus over larger areas 

(2x 5 mm2) and show interruptions of the two-dimensional electron gas. These 

interruptions are in quite a number of cases the reasen that high ohmic 

behaviour is found in the potential probes of Hall bar structures rather than bad 

ohmic contacts. 

Chapter 3 deals with the fabrication process of AuGe/Ni ohmic contacts. 

The influence of the fabrication steps on the quality of such ohmic cantacts is 

discussed. Furthermore an optica! beam induced current technique is described 

to reveal the homogeneity of one single ohmic contact. 

The last chapter is devoted to high electric field effects. We show that in 

the moderately high electric field region ( < 800 V 1 cm) only properties of the 

two-dimensional electron gas have to be taken into account, while in the high 

field region (>800 V jcm) also properties of the doped AlxGa1_xAs layer are 

important. This is due to the tact that the barrier between the ohmic contact and 

the AlxGa1_xAs is lowered by the electric field. This eventually makes the transfer 

trom the ohmic contact to the AlxGa1_xAs possible. Since this process is highly 

non-linear and since the trapping and detrapping of electrans by Si-donors is 

non-linear too, the electron density of the two-dimensional electron gas may vary 

chaotically. This leads to chaotic current fluctuations. 
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Samenvatting 

Dit proefschrift behandelt enige aspekten welke belangrijk zijn voor de wer
king van een HEMT (high electron mobility transistor). De HEMT is bekend van

wege zijn perfekte hoog frekwent gedrag in zowel logische als mikrogolf toe

passingen. HEMTs zijn in principe veldeffekt transistoren met een tweedimen

sionaal elektronengas van bijvoorbeeld een GaAs/ AlGaAs heterostruktuur als 

geleidend kanaal. Omdat HEMTs klein zijn ("' 1 ,um) en de aangelegde spannin

gen typisch 1 V zijn, zijn effekten die optreden bij hoge elektrische velden 

belangrijk. 

Na een algemene inleiding worden enige technieken behandeld waarmee 

elektrische eigenschappen van het tweedimensionaal elektronengas zichtbaar 

gemaakt kunnen worden. De eerste techniek gebruikt vloeibare kristallen om 

gebieden waar hoge elektrische velden aanwezig zijn zichtbaar te maken. SEM 

voltage contrast en een techniek, die gebruik maakt van het elektro-optische 

effekt van het GaAs substraat, worden gebruikt om de potentiaal van het twee

dimensionaal elektronengas als funktie van de plaats te bepalen. Met het lateraal 

fotoeffekt kan de plaatselijke soortelijke weerstand bepaald worden. Het resultaat 

van deze experimenten is dat de meeste preparaten niet homogeen zijn en dat 

het tweedimensionaal elektronengas op sommige plaatsen onderbroken is. Deze 

onderbrekingen zijn in veel gevallen de reden dat hoge weerstanden gevonden 

worden, welke vaak zijn toegeschreven aan slechte kontakten. 

In hoofdstuk 3 wordt het fabrikage proces van een ohms kontakt op een 
GaAs/ AlGaAs heterostuktuur behandeld. Verder wordt een techniek beschreven, 

waarmee de homogeniteit van zo'n kontakt kan worden bekeken. 

Het laatste hoofdstuk is gewijd aan effekten, die optreden bij hoge 

elektrische velden. Er wordt aangetoond dat bij niet al te hoge elektrische velden 

( <800 V jcm) alleen de eigenschappen van het tweedimensionaal elektronengas 

moeten worden meegenomen in de beschrijving terwijl bij hogere elektrische 

velden (>800 V jcm) ook de eigenschappen van het A~Ga1_xAs van belang zijn. 

Dit is het gevolg van het feit dat de barrière tussen het Ohmse kontakt en het 

A~Ga,_xAs door het elektrisch veld verlaagd wordt. Dit maakt het mogelijk dat bij 

een hoog genoeg elektrisch veld de elektronen vanuit het kontakt naar het 

~Ga,_xAs gaan. Aangezien dit proces en de invangst en uitzending van 

elektronen door Si ionen niet-lineair is, kunnen bij de juiste randvoorwaarden 

zowel de elektronendichtheid als de stroom zich chaotisch gaan gedragen. 
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Stellingen 

behorende bij het proefschrift 

Transport of Hot Electrens in GaAs/AIGaAs Heterostructures 

De naam High Electron Mobility Transistor suggereert ten onrechte, dat de 
snelheid van deze transistor bepaald wordt door de hoge mobiliteit van de 
elektronen. 

2 Monte Carlo berekeningen aan halfgeleiders geven minder inzicht in het ge
drag van hete elektronen dan algemeen wordt verondersteld. 

3 In het quanturn Hall regime kunnen de komponenten van de weer
standstensor Pxx en Px:v niet bepaald worden. 

- P.F. Fontein, P. Hendriks, and J.H. Wo/ter, Surface Science 229, 4 7 
(1990). 

4 Het toeschrijven van de experimenteel gevonden negatieve differentiële 
weerstanden bij hoge elektrische velden in GaAs/AIGaAs heterostrukturen 
aan de transfer van elektronen over de GaAs/AIGaAs barrière is niet juist. 

5 Het meten van hoge weerstanden in Hall bar strukturen gemaakt van 
GaAs/AIGaAs heterostrukturen is zelden het gevolg van slechte elektrische 
kontakten 

- Dit proefschrift, hoofdstuk 2. 



6 Bij de interpretatie van transport experimenten aan gelaagde halfgeleider
strukturen bij hoge elektrische velden dient de invloed van de (perfekte) kon
takten meegenomen te worden. 

- Dit proefschrift, hoofdstuk 4 

7 Wanneer men de mobiliteit van elektronen in een veld-effekt transistor wil be
palen uit de magneetveldafhankelijkheid van de steilheid is de fout ten gevol
ge van de kontaktweerstanden van de 1 e orde en niet zoals Jay en Wallis 
beweren van de 2e orde. 

- P. T. Jay, and R.H. Wal/is, IEEE EDL-2, 265 (1981). 

8 Muziek van Gustav Mahler is niet zo "zwaar" als veel mensen beweren. 
- G. Mahler, 1e symfonie, 3e deel. 

9 Stel uit tot morgen, wat je vandaag niet kunt doen. 
- Ernest Dichter, De Naakte Manager (Het Spectrum, Utrecht, 1976) 

10 De chaos in de weersvoorspellingen is inherent aan de onderliggende diffe
rentiaalvergelijkingen. 

Eindhoven, 14 december 1990 Peter Hendriks 


