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The dependence of electron mobility on growth conditions and threading dislocation density (TDD)

was studied for n�-GaN layers grown by ammonia-based molecular beam epitaxy. Electron mobility

was found to strongly depend on TDD, growth temperature, and Si-doping concentration.

Temperature-dependent Hall data were fit to established transport and charge-balance equations.

Dislocation scattering was analyzed over a wide range of TDDs (�2� 106 cm�2 to �2� 1010 cm�2)

on GaN films grown under similar conditions. A correlation between TDD and fitted acceptor states

was observed, corresponding to an acceptor state for almost every c lattice translation along each

threading dislocation. Optimized GaN growth on free-standing GaN templates with a low TDD

(�2� 106 cm�2) resulted in electron mobilities of 1265 cm2/Vs at 296 K and 3327 cm2/Vs at 113 K.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4874735]

I. INTRODUCTION

III-nitride semiconductors have been applied to high-

power, high-frequency transistors,1–5 as well as green,6–8

blue,9 and UV10,11 laser diodes (LDs) and light-emitting

diodes (LEDs). Since their conception, many advances in the

performance of these devices have been made through mate-

rial improvements. These advances include increased optical

power output in LDs and LEDs,12–14 reduced threshold current

densities in LDs,15,16 and higher transconductance and lower

leakage in high-electron-mobility transistors (HEMTs).1–4

One of the best ways to quantify a material’s quality is

by measuring the electron mobility. Point defects and thread-

ing dislocations will scatter carriers, reducing their mobility.

By systemically varying growth conditions, measuring the

electron mobility, and modeling the results, we can compre-

hensively understand how growth impacts material quality—

specifically, how different growth conditions change the

concentration of defects. Previous studies concerning the

bulk electron mobility in GaN used many different growth

techniques. The most notable of these studies used hydride

vapor phase epitaxy (HVPE), which yielded a room tempera-

ture (RT) GaN electron mobility of 1245 cm2/Vs, the highest

value at the time.17 The highest-reported RT single-layer

GaN electron mobilities for other growth techniques are as

follows: 1005 cm2/Vs by metalorganic chemical vapor

deposition (MOCVD),18 265 cm2/Vs by ammonothermal

growth,19 1150 cm2/Vs by N-rich plasma-assisted molecular

beam epitaxy (PAMBE),20 1191 cm2/Vs by Ga-rich

PAMBE,21 and 560 cm2/Vs by ammonia-based molecular

beam epitaxy (NH3-MBE).22

NH3-MBE is a promising growth technique, despite the

low electron mobility measured in a previous study.22 This

low electron mobility presents a significant opportunity for

an improvement in reported material quality. NH3-MBE has

many attractive features, including a high GaN growth rate

and an N-rich growth environment. Vertical leakage in GaN

films is minimized when films are grown in the N-rich re-

gime, and growth in the N-rich regime is standard for

NH3-MBE.23 Growth in the Ga-rich regime is standard for

PAMBE, producing structures with more vertical leakage

pathways.24 In comparison with MOCVD, NH3-MBE offers

lower growth temperatures (�200 �C lower), lower C and H

concentrations, and sharper interfaces in GaN films. Unlike

MOCVD, NH3-MBE yields p-GaN without an activation

anneal, as a consequence of the low H concentration.25

III-nitride growth by NH3-MBE has also produced high-

quality electron devices. Among many examples, AlGaN/

GaN HEMTs grown by NH3-MBE have displayed excellent

power performance at 4 GHz.26 p-n junctions grown by

NH3-MBE have shown record low ideality factors.27 Vertical

electron devices, specifically current aperture vertical electron

transistors (CAVETs), have also seen benefits from NH3-

MBE regrowth for the p-GaN current blocking layer.28

Despite the large body of work quantifying the high qual-

ity of NH3-MBE-grown GaN, surprisingly little work has

been done to study the bulk electron mobility of GaN grown

by this technique.22 In this article, we first determine the opti-

mal growth conditions to maximize electron mobility, using

GaN-on-sapphire templates with threading dislocation den-

sities (TDDs) of �5� 108 cm�2. We then demonstrate the

impact of TDD on electron mobility and the unintentional

acceptor concentration through two series grown on templates

with a wide range of TDDs (�2� 106 to �2� 1010 cm�2).

For both TDD series, the temperature-dependent electron

mobilities and carrier concentrations were fit to established

scattering equations to analyze dislocation scattering and

determine the acceptor-like trap spacing along threading dislo-

cations (TDs). Using optimized NH3-MBE growth conditions

on a free-standing (FS) GaN template with a TDD ofa)E-mail: erinkyle@umail.ucsb.edu
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�2� 106 cm�2, we demonstrate an electron mobility of 1265

cm2/Vs at RT.

II. EXPERIMENT

In this study, samples were grown in a Veeco Gen 930

molecular beam epitaxy system. The system has conventional

effusion cells for Ga, Si, and Mg. Purified NH3 was delivered

into the growth chamber through an unheated showerhead in-

jector. Growth optimization was performed through system-

atic variation of the growth temperature and the Si-doping

concentration. The samples in the growth optimization series

used Lumilog semi-insulating GaN:Fe-on-sapphire templates

(�5� 108 cm�2 TDD). Each template had a p�-i-pþ isolation

structures at the regrowth interface to electrically isolate the

active region. Electrical isolation is necessary to ensure negli-

gible conduction through the template or the regrowth

interface.

A schematic of the growth structure is shown in Fig. 1.

The isolation structure consisted of a 200 nm pþ-GaN ([Mg]:

1� 1019 cm�3) layer, followed by a 200 nm unintentionally

doped (UID) GaN layer and a 100 nm p�-GaN ([Mg]:

1� 1018 cm�3) layer. Since high Mg doping tends to

roughen the growth surface, the UID layer combined with

the lightly Mg-doped layer ensured a smooth, resistive sur-

face for the start of active region growth. The active region

was an 800-nm-thick, lightly doped n�-GaN layer ([Si]: 3–

5� 1016 cm�3, unless otherwise specified). The active region

was capped with 3 nm of highly doped nþ-GaN ([Si]:

5� 1018 cm�3) to facilitate the formation of high-quality

low-resistance ohmic contacts. Growth of the active region

and contact layers proceeded in the step-flow growth mode,

which was confirmed through a streaky reflection

high-energy electron diffraction (RHEED) pattern. Si-doping

and Mg-doping concentrations were determined through sec-

ondary ion mass spectroscopy.

When the growth optimization series were completed,

two TDD series were grown using the established optimal

growth parameters. Previous work has shown that NH3 flow

rates ranging from 200 to 1000 SCCM yield high-quality

material.23,29 The TDD-200 series was grown with an NH3

flow rate of 200 SCCM, and the TDD-1000 series was grown

with an NH3 flow rate of 1000 SCCM. The growth structure

shown in Fig. 1 was used for both TDD series. For the

low-TDD films, FS GaN templates were provided by two

different vendors. The FS GaN template that had a TDD of

�3� 107 cm�2 was produced by Lumilog. The FS GaN tem-

plate that had a TDD of �2� 106 cm�2 was produced by

Furukawa Electric. The medium-TDD films were grown on

Lumilog semi-insulating GaN:Fe-on-sapphire templates with

TDDs of �5� 108 cm�2. For the high-TDD films, GaN tem-

plates were grown on 6H-SiC, as described elsewhere.30,31

The GaN-on-SiC templates had TDDs of �5� 109 and

�2� 1010 cm�2.

Atomic force microscopy (AFM) was used to character-

ize the surface morphology. High resolution x-ray diffraction

(HRXRD) was used to confirm the TDDs of the films. The

rocking curve full widths at half maximum (FWHMs) of

HRXRD x-scans for the GaN 20�21ð Þ reflection (measured in

a skew symmetric geometry) were previously found to corre-

late to the density of edge-component TDs, which dominate

the overall TDD.32 TDDs were confirmed by a calibration

curve linking HRXRD data to TDDs determined by plan-

view transmission electron microscopy data (PV-TEM).

Monochromatic-cathodoluminescence (mono-CL) was also

performed to establish the TDDs in the low-TDD films. The

TDD of the highest-TDD (�2� 1010 cm�2) film was estab-

lished by PV-TEM. Van der Pauw Hall, Hall bar, and trans-

mission line measurement (TLM) patterns were then

fabricated using optical lithography. For the growth optimi-

zation series, Al/Au (30/300 nm) ohmic contacts were depos-

ited by e-beam evaporation, and BCl3/Cl2 reactive ion

etching was used for mesa isolation. For the TDD-200

and TDD-1000 series, Ti/Al/Ni/Au (20/120/30/50 nm)

ohmic contacts were deposited by e-beam evaporation and

annealed at 820 �C in an N2 environment for 30 s to

facilitate temperature-dependent Hall measurements. Al/Au

(30/300 nm) ohmic contacts were also deposited on both

TDD series for RT measurements. BCl3/Cl2 reactive ion

etching was used for mesa isolation. The carrier concentra-

tion, electron mobility, and sheet resistance of the lightly

Si-doped n�-GaN layers were determined through Hall

measurements. Contact and sheet resistances were deter-

mined through TLMs. The sheet resistance from Hall meas-

urements was in close agreement with the results from the

TLMs for all samples. Leakage through the isolation layer

under the typical measurement biases was negligible.

For the n�-GaN active region, the conductance was cal-

culated to be �1 mS, and the electron mobility was measured

to be �800 cm2/Vs (þ/� 450 cm2/Vs). The conductance of

the nþ-GaN contact layer was calculated to be about 0.1 mS.

From an extrapolation of the carrier concentration versus elec-

tron mobility, described later on, the electron mobility of the

nþ-GaN contact layer was expected to be less than 300

cm2/Vs. The impact of a layer on electron mobility in multi-

layer Hall is proportional to the product of the layer’s conduc-

tivity and electron mobility.33 Therefore, the electron mobility

FIG. 1. Schematic of the growth structure. The active region is 800 nm of

n�-GaN. The p�-i-pþ structure (p�-GaN/UID GaN/pþ-GaN) is used to iso-

late the active region from the regrowth interface. The contact region is cre-

ated with the 3 nm nþ layer.
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of the nþ-GaN contact layer was negligible in the analysis of

the Hall data since its impact on the total measured electron

mobility was less than one-twentieth.

III. RESULTS

A. Growth Optimization

Growth temperature and Si-doping concentration were

systematically varied to determine their effect on the elec-

tron mobility of GaN films. These samples were grown with

an NH3 flow rate of 200 SCCM and a growth rate of

�7.4 nm/min.

First, the dependence of electron mobility and carrier

concentration on the active region growth temperature was

studied (Fig. 2). As shown in Fig. 2, the electron mobility was

found to be highly dependent on growth temperature, with the

highest electron mobilities (>700 cm2/Vs) realized at 820 �C.

Thus, 820 �C was determined to be the optimal growth tem-

perature. The AFM images of the growth surface for samples

grown at 760 �C, 820 �C, and 880 �C are shown in Fig. 3. At

low temperature (760 �C), poor surface diffusion resulted in a

rough, pitted surface (Fig. 3(a)). This surface morphology is

characteristic of the transition from step-flow growth to layer-

by-layer growth in NH3-MBE.23 Decomposition of the GaN

crystal lattice occurred at a growth temperature of 880 �C, as

evidenced by pitting seen in Fig. 3(c). The optimal growth

temperature of 820 �C (Fig. 3(b)) was high enough to ther-

mally enhance adatom diffusion, but lower than the onset tem-

perature for GaN decomposition.

Subsequently, the effect of the Si-doping concentration on

electron mobility was investigated. The Si concentration was

varied from �3� 1016 cm�3 to �2� 1020 cm�3. As expected,

the electron mobility decreased with increasing Si-doping con-

centration (Fig. 4). It should be noted that UID films were not

included in this study because ohmic contacts could not be

formed. A Si-doping concentration of �3� 1016 cm�3 was

found to be the optimal doping concentration for high mobility

on templates with TDDs of �5� 108 cm�2.

B. TDD Series

The effects of TDD variation on electron mobility and

carrier concentration were explored after growth

FIG. 3. 5 � 5 lm2 AFM micrographs of sample surfaces for different active region growth temperatures of (a) 760 �C (b) 820 �C and (c) 880 �C.

FIG. 2. Average bulk electron mobility (solid blue diamonds) and average

carrier concentration (red open squares) as a function of the active region

growth temperature in the growth optimization series.

FIG. 4. Effect of carrier concentration on electron mobility for GaN

grown with optimized growth conditions. The Si concentration ranged from

�3 � 1016 cm�3 to �2 � 1020 cm�3.
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optimization. Dislocation-related scattering is known to

appreciably reduce bulk electron mobility, even at RT.18,34,35

Dangling bonds, acting as deep acceptor states, are associ-

ated with edge-component TDs.36 Along the dislocation line,

deep acceptor states trap electrons, causing the dislocation to

be negatively charged. Although there is no consensus in the

literature, the sources of these acceptor states have been

identified as gallium vacancies (VGa) or gallium vacancies

complexed with substitutional oxygen impurities (VGa�ON

or VGa� (ON)2).36,37

TDD was varied in two growth series: TDD-200 (200

SCCM NH3 flow rate) and TDD-1000 (1000 SCCM NH3

flow rate). The TDDs of the GaN layers were varied through

growth on GaN templates with differing TDDs. The x-ray

rocking curve FWHMs confirming the TDD for each sample

in the TDD-200 and TDD-1000 series are shown in Table I.

The high-TDD (�5� 109 cm�2) film in the TDD-200 series

was regrown on a GaN-on-6H-SiC template grown by

NH3-MBE. The high-TDD (�2� 1010 cm�2) film in the

TDD-1000 series was regrown on a GaN-on-6H-SiC tem-

plate grown by PAMBE.

The TDD-200 series consisted of GaN films with TDDs

of �3� 107 cm�2, �5� 108 cm�2 and �5� 109 cm�2. The

TDD-1000 series had GaN films with TDDs of

�2� 106 cm�2, �5� 108 cm�2, and �2� 1010 cm�2. All

samples were lightly Si doped ([Si] �3–5� 1016 cm�3)

except for the high-TDD films, which required Si doping of

�1–5� 1017 cm�2 to surpass the high dislocation-related

acceptor concentration. The surface morphologies (Fig. 5)

showed a positive correlation between root mean square

roughness (rRMS) and TDD and a negative correlation

between rRMS and NH3 flow rate. The Hall measurements for

both TDD series (Figs. 6, 7, and Table I) show a significant

decrease in electron mobility with increasing TDD. This

decrease in mobility with increased TDD is due to increased

dislocation scattering.

C. Transport and Charge-Balance Model Correlation

In this section, the temperature-dependent electron

mobilities and carrier concentrations in the TDD series will

be fit to established transport and charge-balance equations.

The only fitting parameters that will be used are the acceptor

concentration ([NA]), the donor concentration ([ND]), the do-

nor binding energy (ED), and the occupation of acceptor-like

traps along a dislocation (f). All carrier concentrations and

electron mobilities will be simultaneously fit to the

charge-balance and transport equations self-consistently,

using the Levenberg-Marquardt algorithm. For all the equa-

tions stated below, parameters not defined in the text are

defined in Table II. A correlation between the fitted acceptor

concentration and TDD for films grown under identical

growth conditions will be found.

First, the charge-balance equation was used to account

for compensating acceptors, donors, and free carriers. A one-

donor model was assumed for n-GaN; the majority donors,

oxygen and silicon, have similar binding energy in GaN.38 In

a non-degenerate n-type semiconductor, the charge-balance

equation becomes39–41

nþ N�A ¼ NþD ¼
ND

1þ gn
NC

exp ED

kBT

h i : (1)

All of the acceptor states are assumed to be fully ionized as

their energy level is far below the Fermi energy level at all

studied temperatures. Also, acceptors are assumed to have a

single negatively charged state in this analysis. The

“apparent” donor binding energy is dependent on donor con-

centration. It has been suggested that the decrease in donor

binding energy with increasing donor concentration is due to

the attraction between ionized donors and conduction band

electrons.42 This theory does not consider ionized acceptors

which would also affect the donor binding energy.43 Others

have suggested that the decrease in donor binding energy is

due to screening of the donor site.44 Either way, the reduc-

tion in donor binding energy is clearly seen in the fitted val-

ues for [NA], [ND], and ED in Table III, where smaller donor

concentrations correspond to larger apparent donor binding

energies.

Table III also lists the sum of the O and Si concentra-

tions measured by secondary ion mass spectroscopy (SIMS)

on samples grown under similar conditions with the same Si

flux. The measured concentrations of each reported species

was at or above the detection limit. The sum of the O and Si

TABLE I. Single-die Hall measurements for both TDD series, including the RT electron mobility, the RT carrier concentration, the highest electron mobility,

and the temperature at which the highest electron mobility was achieved. FWHMs of the GaN 20�21ð Þx-scans are also included.

TDD-200 Series

TDD (cm�2) RT mobility (cm2/Vs) RT carrier concentration (cm�3) Highest mobility (cm2/Vs) Highest mobility temp. (K) 20�21ð Þ FWHM (arcsec)

�3 � 107 1256 4.48 � 1016 2948 116 225

�5 � 108 961 3.50 � 1016 2396 115 382

�5 � 109 204 4.91 �1016 343 154 739

TDD-1000 Series

TDD (cm�2) RT mobility (cm2/Vs) RT carrier concentration (cm�3) Highest mobility (cm2/Vs) Highest mobility temp. (K) 20�21ð Þ FWHM (arcsec)

�2 � 106 1265 3.73 � 1016 3327 113 90

�5 � 108 966 2.09 � 1016 2637 112 375

�2 � 1010 317 1.33 � 1017 348 212 1370
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concentrations ([O]þ[Si]) agreed with the fitted [ND] in all

samples except for the �5� 109 cm�2 TDD sample in the

TDD-200 series. Even for this sample, the fitted donor concen-

tration and [O]þ[Si] measured by SIMS are very close.

Deep-level optical spectroscopy (DLOS) and Positron

Annihilation (PA) are two ways to quantify acceptor concen-

tration. DLOS measures trap concentration as a function of the

trap energy. PA measures the concentration of VGa. This work

was in good agreement with acceptor concentrations measured

by DLOS and PA, which will be reported separately.45

Arrhenius plots of the carrier concentration are shown in

Figs. 8 and 9 for both TDD series. Overlaid on these plots

are the theoretical fits using the values of [NA], [ND], and ED

reported in Table III. Good agreement can be seen between

the theoretical fits and the electron concentration curves in

Figs. 8 and 9.

FIG. 7. Temperature-dependent Hall measurements for GaN films grown in

the TDD-1000 series on high-TDD (�2 � 1010 cm�2), medium-TDD (�5 �
108 cm�2), and low-TDD (�2 � 106 cm�2) templates. Electron mobility is

shown with open symbols, and carrier concentration is shown with solid

symbols.

FIG. 5. 5 � 5 lm2 AFM micrographs of sample surfaces for the TDD-200 and TDD-1000 series. The TDDs for the TDD-200 series are (a) 3 � 107 cm�2,

(b) 5 � 108 cm�2, and (c) 5 � 109 cm�2. The TDDs for the TDD-1000 series are (d) 2 � 106 cm�2, (e) 5 � 108 cm�2, and (f) 2 � 1010 cm�2.

FIG. 6. Temperature-dependent Hall measurements for GaN films grown in

the TDD-200 series on high-TDD (�5 � 109 cm�2), medium�TDD (�5 �
108 cm�2), and low-TDD (�3 � 107 cm�2) templates. Electron mobility is

shown with open symbols, and carrier concentration is shown with solid

symbols.
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Matthiessen’s rule was used to approximate the total

electron mobility from the individual scattering mechanisms.

The scattering mechanisms included: ionized impurity scat-

tering, neutral impurity scattering, dislocation scattering,

acoustic deformation potential scattering, piezoelectric scat-

tering, and polar optical phonon scattering. Equations for the

scattering rates of these mechanisms were taken from

standard references.41,46,47 Plots of the fitted maximum elec-

tron mobility for the individual scattering mechanisms, the

fitted total electron mobility, and the measured electron

mobility for each sample in the TDD series are shown in

Fig. 10.

The Brooks-Herring (BH) technique is the standard

approach for calculating ionized impurity scattering for

TABLE II. Constants used in fitting electron mobility data.

Parameter Symbol Literature value References

Degeneracy of the donor state g 2 53

Effective density of states NC
Nc ¼ 2 2pm�kBT

h2

� �3=2

¼ 4:98� 1014 T3=2 cm�3 62

Apparent donor binding energy ED Calculated for each data set

Charge state Z Defined in text (þ/�1)

Permittivity of free space e0 8:854� 10�12 F/m

Static dielectric constant es 8:9 63

High frequency dielectric constant e1 5.15 17

Effective mass m* 0.22 53, 62, and 64

Electron concentration n Experimental

Boltzmann constant kB 8.617 � 10�5 eV/K

Temperature T Experimental

Charge of electron q 1.602 � 10�19 C

Planck constant h 6.626 � 10�34 Js

Planck constant �h 1.054 � 10�34 Js

Velocity of light in vacuum cLight 2.99 � 108 m/s

Threading dislocation density qTDD Experimental

Average longitudinal elastic constant cL ð8c11 þ 4c13 þ 3c33 þ 8c44Þ=15¼ 371 GPa 46 and 65

Average transversal elastic constant cT ð2c11 � 4c13 þ 2c33 þ 7c44Þ=15 ¼ 126 GPa 46 and 65

Elastic constant, c11 c11 390 GPa 65

Elastic constant, c13 c13 106 GPa 65

Elastic constant, c33 c33 398 GPa 65

Elastic constant, c44 c44 105 GPa 65

Deformation potential Dac 9.2 eV 17 and 66

Piezoelectric constant, element hx hx h33 � h31 � 2h15¼ 2.02 C/m2 46

Piezoelectric constant, element h33 h33 0.73 C/m2 65, 67, and 68

Piezoelectric constant, element h31 h31 �0.49 C/m2 65, 67, and 68

Piezoelectric constant, element h15 h15 �0.40 C/m2 68

E1 optical phonon energy Epop 91.1 meV 17

Polar phonon debye temperature(E1 LO phonon) TLO Epop/kB¼ 1057 K 17

Distance between acceptor-like trap centers along a dislocation c 5.185Å 68

Occupancy of trap along a dislocation f calculated for each data set

Density of occupied traps along a dislocation line f/c calculated for each data set

TABLE III. Donor concentrations, acceptor concentrations, and donor binding energy fitted for the TDD-200 and TDD-1000 series. The sum of [O] and [Si]

measured by SIMS are included for comparison to the fitted donor concentrations.

TDD-200 Series

TDD (cm�2) [NA] (cm�3) [ND] (cm�3) ED (meV) SIMS [O]þ [Si] (cm�3)

�3 � 107 5.01 � 1015 3.83 � 1016 24.12 2–6 � 1016

�5 � 108 8.19 � 1015 3.48 � 1016 22.09 2–6 � 1016

�5 � 109 8.30 � 1016 1.42 � 1017 13.29 1.5–1.9 � 1017

TDD-1000 Series

TDD (cm�2) [NA] (cm�3) [ND] (cm�3) ED (meV) SIMS [O]þ [Si] (cm�3)

�2 � 106 3.93 � 1015 4.39 � 1016 24.10 2–6 � 1016

�5 � 108 6.84 � 1015 2.46 � 1016 21.18 2–6 � 1016

�2 � 1010 2.99 � 1017 4.87 � 1017 10.46 4.4–4.9 � 1017
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semiconductors with low ionized impurity concentration. It

assumes a screened potential. This assumption requires the

screening length for ionized impurities to be much smaller

than the average distance between ionized impurities. The

screening length was significantly smaller than the average

distance between ionized impurities in all samples, proving

the validity of the BH approximation for this study. The

equation for the ionized-impurity-limited electron mobility

using the BH technique is as follows:41,47

lI ¼
128

ffiffiffiffiffiffi
2p
p
ðe0esÞ2ðkBTÞ3=2

NIZ2q3
ffiffiffiffiffiffi
m�
p
ðln 1þ bð Þ � b=ð1þ bÞÞ

; (2)

where b is 24e0esm
�ðkBTÞ2=ð�h2q2 nÞ. The total ionized impu-

rity concentration is: NI ¼ NþD þ N�A . The temperature de-

pendence of the ionized donor concentration is given in Eq. (1).

Neutral impurity scattering was also included. The neu-

tral impurities, NN , are predominantly un-ionized donors

and are accounted for by the following: NN ¼ ND;Total � NþD .

The ionized donor concentration was calculated from Eq.

(1). Erginsoy48 describes the neutral-impurity-limited elec-

tron mobility as

lN ¼
8p3m�q3

20NNe0esh3
: (3)

The change in energy during an acoustic phonon scatter-

ing event is small compared to the thermal energy of elec-

trons, allowing for the accurate assumption that acoustic

phonon scattering is elastic. This model accounts for two

types of acoustic phonon scattering: deformation potential

and piezoelectric scattering. Acoustic deformation potential

scattering is caused by the strain induced to the lattice by

acoustic phonons. This strain also creates an electric field in

noncentrosymmetric crystals, causing piezoelectric scatter-

ing. The acoustic-deformation-potential-limited electron mo-

bility is given as follows:47

lDP ¼
2
ffiffiffiffiffiffi
2p
p

cL�h4q kBTð Þ�3=2

3Dac
2ðm�5=2Þ

: (4)

The piezoelectric-limited electron mobility is given by the

following:41

lPiez ¼
16

ffiffiffiffiffiffi
2p
p

�h2e0es

3qP?2ðm�3=2Þ
ffiffiffiffiffiffiffiffiffiffi
kBT
p ; (5)

where P? is the perpendicular component of the unitless pie-

zoelectric coefficient for an electric field perpendicular to the

c-axis, theoretically given for the wurtzite crystal as46

P?
2 ¼ 4 21h15

2 þ 6h15hx þ hx
2

� �
=105e0escT

þ ð21h33
2 � 24h33hx þ 8hx

2Þ=105e0escL: (6)

Optical phonon scattering is inelastic, due to the large

energy of the optical phonon (�91 meV), and relaxes both

the momentum and energy of the electrons. Optical deforma-

tion potential scattering does not significantly affect the elec-

tron mobility at any temperature considered here and,

therefore, was not accounted for in the model. Polar optical

phonon scattering becomes the dominant scattering mecha-

nism at high temperatures (>250 K for small impurity-

related or TD-related scattering) and must be accounted for

despite the inaccuracy of an analytical solution. Iterative

methods which account for the energy loss have been devel-

oped,46 but they do not reduce to a closed form solution.

Iterative results match well over the temperature range of in-

terest with the expression for electron-limited mobility

described by Seeger41,47

lPOP ¼
137qexpðTLO=TÞ

2m�
ffiffiffiffiffiffiffiffiffiffiffiffiffi
m�cLight

2

2kBTLO

q
1

e1eo
� 1

eseo

h i
xo

: (7)

Dislocation scattering in GaN has been thoroughly

treated with the Boltzmann transport equation,35 as well as

FIG. 9. Fits of the temperature-dependent carrier concentrations for GaN

films grown in the TDD-1000 series on high-TDD (�2 � 1010 cm�2),

medium-TDD (�5 � 108 cm�2), and low-TDD (�2 � 106 cm�2) templates.

FIG. 8. Fits of the temperature-dependent carrier concentrations for GaN

films grown in the TDD-200 series on high-TDD (�5 � 109 cm�2),

medium-TDD (�5 � 108 cm�2), and low-TDD (�3 � 107 cm�2) templates.
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FIG. 10. Electron mobility fitting results for the TDD-200 and TDD-1000 series. The TDDs for the TDD-200 are (a) 3 � 107 cm�2, (b) 5 � 108 cm�2, and (c)

5 � 109 cm�2. The TDDs for the TDD-1000 are (d) 2 � 106 cm�2, (e) 5 � 108 cm�2, and (f) 2 � 1010 cm�2. The legend for the maximum mobilities limited

by individual scattering mechanisms is shown, as well as the legend for the total simulated mobility and the experimentally determined mobility. The recipro-

cal sum of the maximum mobilities limited by individual scattering mechanisms gives the total simulated mobility. This total mobility agrees well with the

experimentally determined mobility. All data were fit using the Levenberg-Marquardt algorithm.
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Matthiessen’s Rule.34,49 It is believed that an acceptor-like

trap state exists at every c-lattice translation along edge-

component TDs. When these trap states are ionized, the TD

core is negatively charged, creating an electric field sur-

rounding the TD.35 The core-associated electrostatic poten-

tial causes the dislocation-limited electron mobility of35,50

lDis ¼
�h3ðe0esÞ2c2ð1þ 8LD

2m�kBT=�h2Þ3=2

qTDDq3m�2LD
4f 2

; (8)

where LD is the Debye screening length, described by50

LD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e0eskBT=ðq2n0Þ

p
; (9)

where n0 is the effective charge screening the negatively

charged core of the TD. If the electrostatic potential at the

charged dislocation is much larger than kBT, electrons in

the conduction and donor bands surrounding the dislocation

will be electrostatically repulsed, depleting the carriers in

the vicinity of the dislocation. A positively charged

space-charge region of ionized impurities will be left

behind and screen the dislocation core. An illustration of

the band diagram near a TD is shown in Fig. 11. The energy

difference between the donor state and the conduction band

does not change with the Fermi level position. Therefore,

the donor energy level is lifted far above the Fermi level

near the TD, fully depleting all the donor states near the

TD. Assuming the electrostatic potential of the TD is less

than EC�EA, all acceptor states will stay fully ionized in

the vicinity of the TD. Therefore, the fixed charge sur-

rounding the dislocation will be fully ionized. This space

charge then becomes the sum of the total stationary charge

in the film ([ND]–[NA]) and is the effective charge screen-

ing the dislocation.

Table IV shows the fitted acceptor concentration ([NA]),

the occupancy of TD-related acceptor states (f), the distance

between occupied acceptor-like trap states along a TD

(dDIS), and the concentration of TD-related acceptor states

([NDIS]). dDIS and [NDIS] were calculated using the

mobility-derived and charge-balance-derived parameters.

[NDIS] was calculated using the charge-balance equation,

assuming all the acceptor states in the low-TDD samples

were unrelated to TDs. It was assumed that the concentration

of non-TD-related acceptors was the same for the TDD-200

and TDD-1000 series. Continuing with this assumption,

[NA] of the low-TDD sample was subtracted from [NA] of

each of the higher TDD samples to find [NDIS]

([NDIS]¼ [NA(higher TDD)]� [NA(lowest TDD)]). To cal-

culate dDIS using the charge-balance derived parameters, the

dislocation density was divided by [NDIS] (dDIS¼qTDD/

[NDIS]). Using the mobility-derived parameters, dDIS was

found by dividing the assumed acceptor spacing of every

c-lattice translation (c) by the occupancy of dislocation-related

acceptor states (dDIS¼ c/f). Then, [NDIS] was found using the

mobility-derived parameters by dividing the TDD by dDIS

([NDIS]¼qTDD/dDIS). Good agreement between the charge-ba-

lanced-determined and mobility-determined [NDIS] and dDIS is

shown in Table IV. A positive correlation between [NDIS] and

TDD for films in each NH3 flow rate series was seen.

In this analysis, the carrier concentration was fit to the

charge balance equation, Eq. (1). The mobility was fit using

Matthiessen’s rule (ltotal
�1¼Rli

�1), where li are the maxi-

mum mobilities limited by individual scattering mechanisms,

Eqs. (2), (3), (4), (5), (7), and (8). The fitting parameters

used were [ND], [NA], ED, and f. All equations were fit con-

currently with commercial fitting software using the

TABLE IV. Fitted acceptor concentration ([NA]), occupancy of dislocation-related trap states along a dislocation (f), calculated dislocation-related trap con-

centration ([NDIS]), and calculated spacing between occupied acceptor traps along a dislocation for the TDD-200 and TDD-1000 series.

TDD-200 Series Charge-balance determined Mobility determined

TDD (cm�2) [NA] (cm�3) f [NDIS] (cm�3) Trap spacinga (Å) [NDIS] (cm�3) Trap spacinga (Å)

�3 � 107 5.01 � 1015 1.309 Assumed 0 N/A 7.58 � 1014 3.96

�5 � 108 8.19 � 1015 0.335 3.18 � 1015 15.74 3.23 � 1015 15.48

�5 � 109 8.30 � 1016 0.643 7.80 � 1016 6.41 6.21 � 1016 8.05

TDD-1000 Series Charge-balance determined Mobility determined

TDD (cm�2) [NA] (cm�3) f [NDIS] (cm�3) Trap spacinga (Å) [NDIS] (cm�3) Trap Spacinga (Å)

�2 � 106 3.93 � 1015 4.440 Assumed 0 N/A 1.71 � 1014 1.17

�5 � 108 6.84 � 1015 0.296 2.91 � 1015 17.16 2.86 � 1015 17.49

�2 � 1010 2.99 � 1017 0.421 2.95 � 1017 6.78 1.63 � 1017 12.29

aDistance between occupied acceptor traps along a dislocation.

FIG. 11. Illustration of the local band bending around TDs in the n-GaN

active region. Dislocations are at the core of the tent-like perturbations.

Acceptor-like trap states exist in the dislocation core.
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Levenberg-Marquardt algorithm.51 [ND] was compared to

[O]þ [Si] and good agreement was seen. [NA], f, and qTDD

was used to calculate [NDIS] and dDIS to understand

TD-related acceptor states.

IV. DISCUSSION

Tang et al.22 grew GaN by NH3-MBE at growth rates of

17–34 nm/min with an NH3 flow rate of 50 SCCM, which is

a higher growth rate and a lower NH3 flow rate than those

used in this study. Since we did not study these specific

growth rates or NH3 flow rates, it is difficult to accurately

compare their results to our study. Regardless, Tang et al.22

still achieved a reasonable mobility (560 cm2/Vs at RT) with

growth conditions far outside the range of our study, which

highlights the wide range of high-quality GaN growth condi-

tions in NH3-MBE. The highest-reported mobility (952

cm2/Vs at 145 K) in the work of Tang et al.22 was measured

with a carrier concentration of 1� 1017 cm�3. Tang et al. did

not explicitly measure TDD, but HRXRD data and mobility

fitting suggested that the lowest achieved TDD was near

high 108 cm�2.22,52 Our results showed that the ideal

Si-doping concentration was near low 1016 cm�3 for growths

on GaN:Fe-on-sapphire templates with TDDs of

�5� 108 cm�2. Films with lower TDD do not require as

high donor concentrations to achieve conduction, which

decreases ionized impurity scattering. The work of Tang

et al. is consistent with the work done here; it is necessary to

increase donor concentration as TDD is increased to achieve

conduction. Even lower donor concentrations (�8� 1015–

�2� 1016 cm�3) were shown to still achieve conduction in

HVPE-grown samples with TDDs of �5� 105 cm�2, further

exemplifying the correlation between minimal Si-doping

concentration for conduction and TDD.17,53

From the work of Zhao et al.,18 high-quality GaN films

grown by MOCVD on low-TDD GaN templates had a max-

imum electron mobility of �3200 cm2/Vs at 120 K, which

is similar to our findings. Zhao et al.18 also measured a con-

siderable increase in electron mobility with reduced

TDD.18 The highest-reported low-temperature electron mo-

bility of 7386 cm2/Vs at 48 K was realized by Huang

et al.53 on a HVPE-grown sample with a TDD of

�5� 105 cm�2.54 At low temperature, ionized impurity

scattering is by far the strongest scattering mechanism and

increases in strength with decreasing temperature. The rea-

son for this is twofold. The Debye length increases as the

carriers freeze out, weakening the screening around ionized

impurities. Carriers also become less energetic with

decreasing temperature, causing them to be more strongly

scattered. The GaN films reported here have higher donor

and acceptor concentrations than the HVPE-grown GaN

sample reported by Huang et al. and therefore have lower

electron mobility at 48 K than the HVPE-grown GaN

sample.53

In our analysis, the simulated mobility matched well

with our temperature-dependent Hall measurements. Unlike

other models that fit mobility and carrier concentration for

only one sample or samples grown by different techniques,

we fit all sample measurements simultaneously using the

same constants. Look et al.17 saw closer agreement between

their model and measured mobility, but their mobility simu-

lation varied parameters that are now considered constants.

Although we did not use a numerical solution of the

Boltzmann transport equation, the underlying assumption

made in this analysis, the relaxation time approximation,

was valid for all scattering mechanisms except polar optical

phonon scattering. The relaxation time approximation is

only valid if the scattering mechanism is either isotropic,

elastic, or both. For the polar optical phonon scattering

mechanism, we used an approximate solution, which is valid

for temperatures much less than the polar phonon Debye

temperature (1057 K in GaN17).41 Therefore, the approxima-

tions made in our simulations generated limited error in our

analysis.

For dislocation scattering, there is a lack of agreement

in the literature for the effective charge screening the nega-

tively charged core of the TD. An expression for the effec-

tive charge was derived by Merten55 and subsequently

reported by Look et al.,35 using a Maclaurin series approxi-

mation for the exponential energy terms for electrostatic

potential at the dislocation core (VD) (exp(�u) ffi 1�u
where u is qðEC � VDÞ=kBT). This approximation is only

valid if u� 1, which means the electrostatic potential from

the charged dislocation must be much less than kBT.

Assuming the dislocation-related traps are deep-level

acceptor states, and the local concentration of trap states is

significant (EC � VD 	 kBT), the previous approximation is

invalid. Experimental work supports EC � VD 	 kBT, with

measured electrostatic potential of 2.5 V for edge TDs from

electron holography.56 Electron holography images films

through the interaction between electrons and electric

fields, an accurate way to measure electrostatic potential

around TDs. Electrostatic potentials in this range are con-

sistent with the assumption that all donor and acceptor

states around the TD are ionized. The expression for effec-

tive charge reported in this paper ([ND]–[NA]) was previ-

ously reported by Kamieniecki57 to be valid under these

conditions.

The correlation between unintentional acceptor concen-

tration and TDD is shown in Table IV. The acceptor concen-

tration spread for the TDD-200 series (�5� 1015 -

�8� 1016 cm�3) was smaller than that for the TDD-1000 se-

ries (�4� 1015 - �3� 1017 cm�3) since there was a larger

TDD range in the TDD-1000 series. With similar growth

conditions in each series, the increased acceptor concentra-

tion can be attributed to TD-related acceptor states. The

TD-related acceptor concentration was seen to clearly

increase with increasing TDD. The derived acceptor spacing

along a dislocation was expected to be constant with TDD,

but there was considerable variability between different

TDDs. Agreement was seen between the charge-balance-der-

ived and mobility-derived acceptor spacing along a disloca-

tion for individual data sets. Although universal agreement

was not seen between data sets, an acceptor-like trap state

was estimated to exist at every c-lattice spacing along a TD.

This disagreement may be due to a slight discrepancy

between the TDD measured by TEM or CL and the actual

TDD in the films.
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Various experimental techniques have been used to

study the charge along TDs, with reported values ranging

from 0–2 trapped electrons every c-lattice translation based

on the electrostatic potential of the TDD. Scanning Kelvin

force microscopy uses tapping mode AFM and measures

the surface potential.58,59 It has shown results ranging from

no observation of electrostatic potential charge at TDs to an

electrostatic potential of 0.1–0.2 V for TDs in n-GaN.58,59

Scanning capacitance microscopy is a similar technique,

measuring a 1.5–2 V shift near TDs and giving a linear

charge density of about one trapped electron every 2 c-lat-

tice translation.60,61 Effects from the surface and low spa-

tial resolution from the large tip radius compared to the

small TD cores will substantially impact the measurement,

making the charge measured by scanning Kelvin force mi-

croscopy and scanning capacitance microscopy somewhat

suspect.58,59

The most compelling work on charge associated with

TDs was shown by electron holography.56 This technique

has reported two electrons every c-lattice translation along

edge TDs in n-GaN, which is within the range presented in

this work.56 The one drawback to this technique is that the

distortion near the core of the TD causes the local thickness

to be unmeasurable which is needed in the calculation of the

local electrostatic potential. It must be assumed that the

thickness varies uniformly. If there is surface pitting the

potential of the TD will be overestimated.56

Although techniques like electron holography and scan-

ning Kelvin force microscopy have locally observed the

charge associated with a TD, we have studied the charge

associated with TDs over a wide range of growth conditions

and TDDs.

V. CONCLUSIONS

The parameters for growth of high-quality GaN by

NH3-MBE were investigated by Hall measurements and

AFM. The optimal growth temperature was determined to be

820 �C. The optimal Si-doping concentration was determined

to be near 1016 cm�2. By fitting the electron mobility and

carrier concentration temperature-dependent data with

known transport and charge-balance equations, the quality of

the films was quantitatively studied. The fitted acceptor con-

centration was found to correlate with TDD over a wide

range (�2� 106 to �2� 1010 cm�2) of TDDs on films

grown under identical conditions. We have shown the high-

est single die electron mobility of 1265 cm2/Vs at 296 K for

films grown on low-TDD FS GaN templates, the highest RT

bulk GaN electron mobility to date.
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