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ABSTRACT

To explain the behavior of Hall mobility versus temperature T behavior in
Ing 51Gag 40As and Ing ¢0Gag40As detailed calculations have been carried out based
on Kubo formula by taking the dislocation scattering as the dominant scattering
mechanism. A good agreement has been obtained between the theory and the

experiment.
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Ings1GagAs VE Ing¢GaggAs GEVSEK TABAKALI YARIILETKENLERDE
ELEKTRON MOBILITESI VE DISLOKASYON SACILMASININ ETKISi

OZET

Ing 51Gag 40As ve InggoGag4oAs yariiletkenlerinde Hall mobilitesinin sicakliga (T)
kars1 davranigimi agiklamak i¢in Kubo formiiliine dayanan detayli hesaplamalar
yapildi. Baskin sagilma mekanizmasi olarak dislokasyon sagilma mekanizmasi ele
alindi. Teori ve deney arasinda iyi bir uyum elde edildi.

Anahtar Kelimeler: Hall mobilitesi, dislokasyon sacilmasi, Kubo formiilii

1. GiRiS

In,Ga,As, ¢esitli ylksek hizli elektronik ve
optoelektronik aygitlarda oldukga genis uygulama alani
bulan o6nemli bir alasim  yaniletkendir  (1,2).
In,Ga, ,As/GaAs’ta olan bu biiyiik ilgi fotodedokterlere
(3), yariiletken lazerlere (4) ve tunel diyotlara dayanan
aygitlarla ilgilidir. Bununla birlikte, In,Ga, As ve GaAs
farkl1 Orgii sabiti, yiiksek sicakliklarda elektron iletim
ozelliklerini gilicli bir sekilde etkileyen dislokasyonlar
meydana getirir. (5).

Onceki bir calismada (6), plastiksel gevsek In,Ga,.
xAs/GaAs materyallerde sicakligin (4.2-300 K) ve basincin
(0-8 kbar) fonksiyonu olarak, alasim kompozisyonunun
genis bir araliginda, elektron iletimini arastirildi. Alagim
kompozisyonunun  x=0.3-0.60  araliginda  gdzlenen
mobilitedeki diisiis, dislokasyon sagilma mekanizmasinin
yaygim formu (uocT*?) ile agiklanamad. Plastiksel gevsek
tabakali  In,Ga,  As/GaAs sistemde, artan alasim
kompozisyonu (x) ile plastik deformasyon derecesi artar.
Boyle bir deformasyon yasak enerji araligimin ortalarinda

1. INTRODUCTION

In,Ga,_As is an important ternary semiconductor that
finds widespread applications in various high-speed
electronic and optoelectronic devices (1,2). The great
interest in In,Ga;_,As/GaAs is related to the devices based
on these structures including photodetectors (3),
semiconductor lasers (4) and resonant tunneling diodes.
However, the difference in the lattice constant of In,Ga,.
As and GaAs leads to the occurrence of dislocations (5)
which affects the electron transport properties strongly
even at high temperatures.

In a previous study (6), we investigated the electron
transport in plastically relaxed In,Ga, As/GaAs materials
as a function of temperature (4.2 to 300 K) and pressure (0
to 8 kbar) for a wide range of the alloy compositions. The
observed decrease in the mobility in a limited alloy
composition range x=0.3-0.60 could not be explained with
the usual form (uaT®?) of dislocation —scattering
mechanism. In plastically relaxed In,Ga;,As/GaAs
system, the degree of plastic deformation increases with
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veya lst kisimlarinda alici tipi enerji seviyeleri tiretebilir.
Bu seviyelerin dislokasyonlardaki agik baglar ile alakali
olduguna inanilir, eksik elektronlu agik bag ¢ift olusturmak
icin diger bir elektronu kabul eder. Iletkenlik bandindan
alman bu elektronlar dislokasyonlara  baglanirlar ve
dislokasyonlar pozitif uzay yikiiniin silindiriksel bir
bolgesi tarafindan negatif yiik ¢izgileri ile ¢gevrelenmis olur
ki boylece dislokasyon ¢evresindeki elektrostatik
potansiyel bozulur. Bu durum daha 6nce (6) plastiksel
gevsek In,Ga; ,As/GaAs materyalinde gozlenen alasim
kompozisyonu x=0.30-0.60 sinirlar1 arasinda tastyici
yogunlugundaki dnemli diistigiin nedenidir.

In,Ga; ,As/GaAs materyalinde, yiiksek dereceli tabaka

gevsemesi  meydana  geldiginde  olusan  yikli
dislokasyonlar ~ giiclii ~ sagilma  merkezleri  gibi
davranacaklarindan  bdyle materyallerde mobilitedeki

diismeyi aciklamak i¢in, mobilite analizlerinde dislokasyon
sagilmast dikkate almmalidir. Yukaridaki tartismanin
15181nda, teori ve deney arasinda iyi bir uyum elde etmek
icin ve Onceden de (6) Onerildigi gibi, dislokasyon
sacilmalarinin sicakliga bagimlihigi 7% den yiiksek olmasi
gerektigini Oneriyoruz. Bu nedenle bu c¢alismada, mobilite
hesaplamalarinda; dislokasyon sagilma mekanizmasi
tarafindan kontrol edilen mobilitenin Kubo ifadesine
dayanarak tiiretilen (zocT”) (7) formunu kullandik.

2. HESAPLAMALAR

Kubo lineer tepki teorisinin korelasyon fonksiyonun
degisimi ile elde edilen dislokasyon sagilmalarindan
kaynaklanan mobilite asagidaki gibi verilir (7)
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increasing alloy composition x. Such a deformation can
produce acceptor type energy levels lying in the middle or
upper half of the band gap. These levels are believed to be
associated with the dangling bonds on the edge
dislocations, the unpaired dangling accepting another
electron to form a pair. As extra electrons from the
conduction band join to the dislocation, the dislocation
becomes a negatively charged line surrounded by a
cylindrical region of positive space charge, thus the
electrostatic potential is distorted in the vicinity of a
dislocation. This is the reason of a dramatic decrease in the
carrier concentration in a limited alloy composition range
x=0.30 to 0.60 which was observed previously (6) in
plastically relaxed In,Ga, ,As/GaAs materials.

When analyzing the measured mobility to explain the
decrease in the mobility, the dislocation scattering should
be taken into account since the produced charged
dislocations behave as strong scattering centers in In,Ga;.
+As/GaAs materials when a high degree of relaxation
occurs. In the view of this point, we claim that to obtain an
agreement between the theory and the experiment, the
dislocation  scattering  should have temperature
dependence higher than 7°7 as suggested previously (6).
Therefore, in this work in the mobility calculations we
used a formula (ucT%) (7) derived on the basis of Kubo
expression for the mobility limited by dislocation
scattering mechanism.

2. CALCULATION

The mobility limited by dislocation scattering obtained
from the correlation function variant of Kuba linear
response theory is given (7) as

(1]

where a is the acceptor separation, f is the occupation
probability of acceptor sites, Np is the dislocation density,
¢ is the dielectric constant (0 is the permitivity of free
space and e is the electronic charge. I1 and 12 are given by

(2]
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Yaygin dislokasyon mobilitesinin  (uocT*?)  aksine,
Es.1’de verilen dislokasyon mobilitesi (uocT?), agik bir
sekilde etkin kiitle (m*) icermez fakat kesilme parametresi
Ye, I; ve I, integralleri yoluyla etkin kiitle icerir (detaylar
icin bakiniz Ref. 7).

Incelenen numuneler igin atmosfer ve 4 kbar basingta
ve ve I;, I, integralleri hesaplandi, sonuglar x=0.51 igin
atmosfer basincinda ve x=0.60 i¢in 4 kbar basingta,
Cizelge 1 ve Cizelge 2’de verildi. [,/[, oranin  y,
bagntisindaki sicaklik ve basingtaki degisimden bagimsiz

The dislocation mobility (ccT”), which seems contrary
to the usual expression (uacT*?), given in Eq.1 does not
include effective mass m* explicitly but it contains
effective mass m* via the cut-off parameter y. and /; and
I, integrals (for details see Ref. 7).

We calculated y. and 1}, I, integrals at atmospheric and
4 kbar pressures for the samples considered, and the
results for the samples with x=0.51 at atmospheric
pressure and x=0.60 at 4 kbar are given in Table 1 and
Table 2. It can be seen clearly from Table 1 and Table 2
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kaldigi  Tablo 1 ve Tablo 2’den acik¢a goriilebilir.
Incelenen numuneler igin bu oran hem basing hem de
sicaklikla sabit kalir.

ve T°? bagmliliklarimi kiyaslamak igin, 7°
bagimlilig: i¢in Es. 1 ve 77 bagimhhg icin Seeger (8)
tarafindan verilen (uocT*%/Lp) genel ifadesi kullamlarak
dislokasyon mobiliteleri hesaplandi. Debye uzunlugunun
(LpocT'™) sicaklik bagimli olduguna da dikkat edilmelidir.
Sekil 1 (a) ve (b) den dislokasyon mobilitesinin artan
sicaklikla her iki durum igin de arttigi goriilmektedir.
Bununla birlikte beklendigi gibi 7° bagimlihg 7°7
bagimliligindan daha fazla artar ve deneysele daha
yakindr.

that the ratio remains insensitive to the change in y, when
temperature and pressure changes. In addition to this we
have found that for the considered samples the ratio
remains constant for both the pressures and temperatures.
For the comparison of 7° and 7%° dependence we have
calculated the dislocation mobility from Eq.l for T°
dependence and using the usual expression (uocT?/Lp)
given by Seger (8) for the T°” dependence. It should also
be noted that the Debye length is temperature dependent
(LpocT™). Tt can be seen from Fig.1 (a) and (b) that the
mobility limited by dislocation scattering increases with
increasing temperature for both cases. However, the
increase of 7° dependence is faster than 7% dependence,
and it lies more closer to the experiment as it was
expected.

Table 1. Cut-off parameter, /; and /, integrals and L/P as a function of T at p=0 for x=0.51.
Cizelge 1. x=0.51 i¢in p=0da T degerlerine kars1 kesilme parametresi (v.), I, , I integralleri ve L/F*, orani
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T(K) Ve I JA L/F
299.7 5.73x10°° 3.40x10* 9.00x10° 0.77
251.8 6.67x10° 5.73x10° 2.54x10" 0.77
195.0 8.42x107 4.54x10° 1.59x10" 0.77
155.3 1.04x10° 3.67x10° 1.04x10" 0.77
93.7 1.69x107 2.25x10° 3.92x10" 0.77
48.5 3.25x107 1.18x10° 1.07x10" 0.77
38.5 4.10x107 9.34x10* 6.76x10° 0.77
27.0 5.83x107 6.56x10* 3.33x10° 0.77
17.7 8.89x10” 4.30(104 1.44(109 0.77
14.0 1.12(10-4 3.40(104 9.00(108 0.77
Table. 2. Cut-off parameter (yc), I1 and 12 integrals and 12/121 as a function of T at p=4 for x=0.60.
Cizelge 2. x=0.60 i¢in p=0 da T degerlerine kars1 kesilme parametresi (v.), I; , I, integralleri ve L/I*| orant
TX) Ve I b LI
300.0 3.34x10° 1.15x10° 1.01x10"2 0.77
259.0 3.83x10° 1.00x10° 7.72x10" 0.77
193.0 5.05x10° 7.57x10° 4.42x10"! 0.77
144.0 6.71x10°° 5.71x10° 2.51x10" 0.77
124.0 7.76x10°° 4.93x10° 1.88x10" 0.77
107.0 8.97x10°° 4.27x10° 1.41x10" 0.77
79.7 1.20x10° 3.19x10° 7.86x10"° 0.77
59.3 1.61x10° 2.38x10° 4.37x10" 0.77
44.2 2.16x107 1.75x10° 2.44x10" 0.77
33.0 2.89x107 1.33x10° 1.36x10'" 0.77
Toplam teorik mobilite polar optik, akustik The total theoretical mobility has been calculated using

deformasyon potansiyel, piezoelektrik, iyonize safsizlik
sacilmalart (Brooks Herring teorisi), nétral safsizlik
sagilmalar1 (8) ve Es. 1 ile verilen dislokasyon sagilma
mekanizmasini igeren Boltzmann denkleminin iteratif
¢oziimii (ISBE) kullanilarak hesaplandi. Hesaplamalarda
kullanilan materyal parametreleri Ref (2, 6)’ da verilen
ikili bilesikler arasindaki standart lineer interpolasyon
metodu kullanilarak belirlendi. Hesaplamalarda sicaklik
ve basingla degisen deneysel tastyict yogunlugu kullanildi.
Hesaplamalarda alic1 dagilimmin basingla degistigi ancak
dislokasyon yogunlugu ve doldurulma ihtimaliyetinin
basingla degismedigi kabul edildi. Diger parametreler;
x=0.51 icin atmosfer ve 4 kbar basinclarda sirasiyla
a=1.5x10% cm ve a=1.2x10® cm ve x=60 i¢in a=1x108
em ve a=0.9x10® cm ve diger sabitler Np=10"cm™ ve
f=0.54 olarak alindi. IngsGagsAs ve InggGagaoAs

an iterative solution of Boltzmann equation (ISBE)
including polar optical, acoustic deformation potential,
piezoelectric, ionized impurity scattering (with Brooks
Herring theory), neutral impurity scattering (8) and
dislocation scattering mechanisms given by Eq.1 (7). The
material parameters used in the calculations were
estimated using the standard linear interpolation between
the binary compounds which were given in Ref. (2, 6).
During the calculations we have used the experimental
carrier concentration that varies with temperature and
pressure. We also have assumed that acceptor separation
changes with pressure but dislocation density and
occupation probability do not change with pressure. The
other parameters have been taken as @=1.5x10"* cm and
a=1.2x10"* em for x=0.51, and a=1x10"* cm and a=0.9x10"
8 ¢m for x=60 at atmospheric and 4 kbar pressures,
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materyalleri i¢in atmosfer ve 4 kbar basing altinda sicaklik
bagimli 6lgiilen (6) ve hesaplanan Hall mobilitesi Sek. 1
(a) ve (b) de verildi. Sekil 1 de semboller Ref. (6) dan
alan ilgili basinglardaki deneysel mobiliteyi temsil eder.
Diiz ¢izgi ve nokta-nokta-¢izgi ise atmosfer basincinda,
sirastyla Es 1 ve geleneksel ifaden hesaplanan bireysel
dislokasyon sagilma mobilitelerini temsil eder. Kesikli ve
kesikli-noktali ¢izgi ise atmosfer ve 4 kbar basingta, Es
1’de verilen dislokasyon sagilma mekanizmalarint iceren
ISBE kullanilarak hesaplanan Hall mobilitesini temsil
eder. Her iki numune i¢inde 30 K iizerinde sonuglar ile
deneysel mobilite arasinda iyi bir uyum vardir. Bu
sicakligin altinda ise teori ve deney arasinda agik bir
uyumsuzluk vardir. Diisiik sicakliktaki bu davranis tasiyict
yogunlugunun sicaklik bagimlilig: ile ilgilidir ve diisiik
sicakliklarda safsizlik bant iletimi olustugunu gosterir (6).
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respectively, together with the constant Ny=10"cm™ and
f=0.54. For the Ing5,Gag40As and Ing50Gag 40As materials
the temperature dependence of measured (6) and
calculated Hall mobility at atmospheric and 4 kbar
pressures are given in Fig.1 (a) and (b). The symbols,
which were taken from Ref (6), represent
experimental mobility at the related pressures. The solid
and dot-dot-dashed lines show the individual mobility
limited by dislocation scattering mechanism calculated
from Eq.1 and the usual expression, respectively, at the
atmospheric pressure. The dashed and dash-doted curves
represent the Hall mobility obtained from the ISBE
including the dislocation scattering mechanizm (given by
Eq.1) at atmospheric and 4 kbar pressures, respectively.
Our results are in a good agreement with the experimental
mobility for both of the samples at the temperatures above
30 K. Below this temperature there is a clear disagreement
between the theory and the experiment. This low
temperature behaviour is connected with the temperature
dependence of the carrier concentration, and indicates
that the impurity band conduction is occurring at low
temperatures (6).
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Figure 1. (a). Temperature dependence of Hall mobility for Ings;Gag49 As and (b) IngGag40As at atmospheric (p=0) and p=4 kbar
pressures as indicated in the figure for each sample. The symbols represent the experimental Hall mobility at the related
pressures (6). The solid and dot-dot dashed lines show the dislocation mobility calculated from Eq.1 and the usual
expression at p=0 for Ing5;Gag40As. The dashed and dash-dotted curves show the total Hall mobility obtained from the
ISBE at the related pressures as indicated in the figure for each sample.

Sekil 1. Atmosfer (p=0) ve p=4 kbar basingta (a) Ings5;Gag49 As ve (b) Ings0Gag40As i¢in sicaklik bagimli Hall mobilitesi. Semboller ilgili
basinglarda deneysel (6) Hall mobilitesini temsil eder. Diiz ¢izgi ve nokta-nokta-¢izgi ise atmosfer basincinda, sirasiyla Es. 1 ve
geleneksel ifaden hesaplanmig dislokasyon mobilitelerini temsil eder. Kesikli ve kesikli-noktali ¢izgi ise atmosfer ve 4 kbar
basingta, Es 1°de verilen dislokasyon sagilma mekanizmalarini igeren ISBE kullanilarak hesaplanan Hall mobilitesini temsil eder.

3. SONUC
Dislokasyon sagilmasiun  yaygm ifadesi  (uocT™?)
mobilitenin sicaklik  bagimliligini aciklayamaz.

Mobilitenin sicaklik bagimlilig1 Kubo yaklasimindan elde
edilen ve sicaklilik bagimhihgi 7°7 den daha biiyiik olan
dislokasyon sagilma mekanizmasinin (uocT?) hesaba
katilmasiyla agiklanabilir. Plastiksel gevsek tabakali
In0.51GaO.49AS/GaAS Ve Inol()oGaOA()AS/GaAS

materyallerde dislokasyon ve iyonize safsizlik sagilmalart
baskin mekanizmalardir. Bir Onceki c¢aligmadan da
beklendigi gibi diisen sicaklikla mobilitedeki diisiisten

3. CONCLUSION

The usual expression of dislocation scattering (zocT*?)
can not explain the temperature dependence of the
mobility. The temperature dependence of the mobility
could be well explained by taking into account the
dislocation scattering mechanisms (uocT), which has a
temperature dependence higher than 7°7, obtained from
Kubo formalism. In the relaxed Injs;Gag49As/GaAs and
Ing 60Gagy 40As/GaAs materials the dislocation and ionized
impurity scattering are the predominant mechanisms.
Therefore, as it was expected in the previous work (6), the
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dislokasyon merkezleri sorumludur. Sonuglar, Ref.(6) da dislocation centers are responsible for the decrease in the
x=0.30-0.60  araligindaki  mobilite = ve  tastyici mobility with decreasing temperature. These results show
yogunlugundaki diisiisiin, gevsek tabakali In,Ga;. that the decrease in the mobility and the carrier
As/GaAs sisteminde tabaka gevsemesinden ortaya ¢ikan concentration in a limited alloy composition range x=0.3-
dislokasyonlar nedeniyle meydana geldigini 0.60 in Ref (6) are due to the dislocation centers arising
gostermektedir. from layer relaxation in  plastically relaxed

In,Ga; As/GaAs system.
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