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Title:		 Novel	Characterization	Methods	for	Anisotropic	and	Mixed-Conduction	Materials	
PI:	 Matthew	Grayson,	Northwestern	University	
Division:	 Complex	Materials	and	Devices	
Project	Manager:	 Ken	Goretta	

FINAL	REPORT	ABSTRACT:	
As	per	the	motivational	statement	of	this	grant	proposal,	state-of-the-art	electronic	and	
optoelectronic	devices	require	electronic	materials	with	specialized	properties	that	cannot	be	
characterized	with	standard	methods,	or	that	must	be	characterized	with	extra	precision.		New	
materials	characterization	methods	have	been	developed	under	the	three	years	of	support	of	
this	grant.		These	new	characterizations	led	to	3	patents	and	8	refereed	publications	including	2	
PRL’s,	with	several	additional	works	in	submission.		Students	graduated	with	support	of	this	
grant	include	5	PhD’s	and	1	MS.		Collaborations	in	this	work	included	international	partners	
(Germany,	Israel,	and	China),	collaborations	with	industry	(Teledyne),	AFRL	(Wright-Patterson),	
and	other	US	universities	(U.	Michigan,	Alabama	U.)			

	A	short	summary	of	these	newly	developed	characterization	methods	is	provided	below:	

I. Carrier	density	gradient	analysis	method:		Semiconductor	uniformity	is	essential	for	all
semiconductor	applications,	including	optoelectronic	light	emitters	&	sensors,	IC’s,	and	logic
devices.		This	method	extends	the	van	der	Pauw	method	of	electrical	characterization	so	that
one	can	measure	small	variations	in	the	doping	density	of	semiconductor	samples	typical	to
semiconductor	devices.

II. Fourier-domain	mobility	spectral	analysis:		This	method	allows	for	electrons	and	holes	of
differing	mobilities	to	be	separated	out	from	magnetotransport	data.		The	experimental	system
of	interest	was	lightly	n-type	quantum	wells	of	Hg1-xCdxTe,	which	revealed	ambipolar	conduction
of	both	electrons	and	holes.

III. Heterodyne	4-point	method	for	electrical	characterization	of	time	varying	conductivities:	A
new	method	was	developed	to	improve	the	sensitivity	of	Hall	measurements	by	orders	of
magnitude.		This	heterodyne	Hall	effect	technique	uses	ac	signal	multiplication	to	measure	a
pure	Hall	resistance	Rxy	(B)	in	arbitrarily	shaped	samples.

IV. Anisotropic	conductor	characterization:	With	five	contacts,	it	was	demonstrated	in	a	black
phosphorus	nanolayer	that	three	independent	four-point	resistance	measurements	can
determine	the	three	independent	components	of	an	in-plane	anisotropic	resistivity	tensor.	Also,
a	detailed	method	for	measuring	in-plane	and	cross-plane	conductivities	of	a	superlattice	has
been	formally	described.

V. Heavy-tail	transient	analysis:	Disordered	systems	exhibit	a	range	of	time-scales	and	manifest
slow	switching	transients,	or	“heavy-tail”	relaxations,	which	limit	performance.		An	equation	was
derived	that	fits	all	classes	of	heavy-tail	functions,	and	was	experimentally	applied	in	both	the
low-	and	high-disorder	limits	in	2D	transistors	of	black	phosphorus.

VI. Disorder	scaling	in	non-ohmic	conductivity	of	2D	materials:
In	2D	conductors,	the	gated	conductivity	is	typically	non-linear,	with	changes	in	the	surface
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adsorbed	gases	leading	to	changes	in	both	the	doping	level	and	the	mobility.	We	demonstrate	
that	all	of	the	characterization	curves	at	different	adsorbate	concentrations,	dopings,	and	
disorder	can	all	be	collapsed	onto	a	single	universal	curve	that	is	characteristic	of	that	particular	
material.			
	
VII.	Percolation	model	for	electrical	and	thermal	conductivity	in	disordered	media:	
Disordered	porous	media	are	described	in	a	modified	percolation	model	that	is	adapted	for	
polymer	composites	under	uniaxial	pressure.		Percolation	is	also	shown	to	describe	thermal	
conductivity	in	metal-organic	frameworks	fabricated	by	combustion	synthesis.		
	
Note:		All	eight	(8)	publications	funded	by	this	grant	are	appended	at	the	end	of	this	report.		
The	remainder	of	this	report	is	on	Year	#3	activities	alone.		The	reports	from	Year	#1,	Year	#2,	
and	the	section	below	on	Year	#3	have	no	overlap,	and	are	intended	to	be	read	together	as	a	
detailed	breakdown	of	the	entire	3-year	grant	activities.	
===========	
	
Summary	of	efforts	in	Year	#3:		(6/15/17-6/14/18)	
	
Year	#3	advanced	the	ability	to	characterize	anisotropic	conductors	with	the	publication	of	a	
new	5-point	method.		With	five	contacts,	it	was	demonstrated	in	a	black	phosphorus	nanolayer	
that	three	independent	four-point	resistance	measurements	can	be	made	to	determine	the	
three	independent	components	of	the	anisotropic	resistivity	tensor.		The	Fourier-domain	
mobility	spectral	analysis	was	also	demonstrated	experimentally	in	a	publication	on	HgCdTe	in	
collaboration	with	Teledyne.		Studies	of	heavy-tail	transient	relaxation	in	disordered	conductors	
were	shown	to	obey	a	universal	equation	derived	for	the	first	time	by	the	PI.		Such	transients	
occur	in	the	electrical	and	mechanical	relaxations	of	amorphous	semiconductors,	polymers,	and	
other	disordered	media	of	technical	interest	to	the	Air	Force.		The	importance	of	being	able	to	
predict	the	asymptotic	value	of	heavy-tail	relaxations	is	of	significant	technical	relevance	for	
efficient	reliability	testing.		Disordered	materials	were	also	studied	in	regimes	where	they	
become	anisotropic,	such	as	under	pressure,	and	both	electrical	and	thermal	conductivity	were	
well-explained	by	percolation	models.		Collaborations	in	this	work	included	international	
partners	(Germany,	Israel,	and	China),	collaborations	with	industry	(Teledyne),	AFRL	(Wright-
Patterson),	and	other	US	universities	(U.	Michigan,	Alabama	U.)	
	
A	detailed	breakdown	is	provided	below:	
	
1)	Anisotropic	conductor	characterization:		
Anisotropic	in-plane	conductors	include	2D	materials	like	black	phosphorus,	and	anisotropic	
cross-plane	conductors	include	superlattices	for	optical	detectors	and	emitters.		Such	materials	
require	different	characterization	techniques	than	isotropic	conductors,	to	characterize	the	3	
independent	terms	of	the	conductivity	tensor.		The	new	5-point	method	[2,8]	for	characterizing	
the	anisotropic	conductivity	tensor	of	2D	materials,	such	as	black	phosphorus,	has	now	been	
published	in	PRL.	The	method	requires	that	the	geometry	of	the	sample	be	measured,	and	then	
a	series	of	five	different	4-point	measurements	identifies	a	mutually	consistent	conductivity	
tensor.		We	have	also	submitted	a	patent	application	for	the	equations	and	methods	for	testing	
in-plane	and	cross-plane	conductivity	of	superlattices.	[1]	A	one-dimensional	wire	fabricated	
with	a	core-shell	structure	represents	the	most	extreme	example	of	anisotropic	conductivity,	
conducting	only	in	one	direction.		Such	core-shell	wires	can	be	designed	for	high	mobility,	
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whereby	the	core	region	is	made	of	a	quantum	well	material	like	GaAs	and	the	surrounding	shell	
is	made	of	a	barrier	material	like	AlGaAs.		For	such	a	system,	when	the	dopants	are	placed	in	the	
shell	material,	an	extreme	high	mobility	wire	can	be	fabricated.		Here	by	gating	the	wire	with	a	
side-gate,	it	becomes	possible	to	observe	conductance	steps	each	time	a	mode	gets	
depopulated.		The	energy	of	the	modes	is	observed	to	correlate	with	the	gate	voltages	at	which	
depopulation	occurs,	confirming	that	the	structure	of	the	wires	does,	in	fact,	match	the	
intended	electronic	structure.	[3]	(Collaboration	with	Technical	University	of	Munich)	
	
	
2)	Magnetotransport	and	Fourier-domain	mobility	spectral	analysis	for	mixed-conduction	
materials:			
The	magnetotransport	equipment	purchased	under	this	grant	provided	the	measurement	
capabilities	to	characterize	new	materials.		Among	the	new	materials	characterized	were	
polycrystalline	ZrTe5,	whose	magnetotransport	was	fit	to	a	2-band	model	as	bulk	narrow-gap	
semiconductor	[5].		The	temperature	dependence	of	the	Hall	effect	was	used	to	prove	that	the	
Fermi	energy	drops	from	the	conduction	band	to	the	valence	band	as	the	temperature	
decreases,	making	the	Hall	sign	switch	from	n-type,	to	mixed-conduction,	to	p-type.		Another	
new	material	was	MoS2	nanoparticles	synthesized	according	to	a	new	solid-state	reaction	that	
allows	small	porous	nanoparticles	to	be	synthesized	rapidly	at	high	temperatures	without	any	
aggregation	of	nanoparticles	into	larger	particles	[6].		This	synthesis	is	important	for	catalysis	
applications,	for	example.		The	Hall	effect	characterization	showed	that	the	resulting	porous	
nanoparticles	of	MoS2	demonstrated	a	similar	carrier	density	and	resisitivity	as	bulk	MoS2,	
suggesting	that	the	nanoparticles	were	single-domain	oriented	crystals,	in	spite	of	being	porous.		
In	addition	to	standard	magnetotransport	characterization,	we	also	conducted	an	analysis	
method	developed	by	the	PI	called	Fourier-transform	mobility	spectral	analysis,	which	allows	for	
electrons	and	holes	of	differing	mobilities	to	be	separated	out	from	magnetotransport	data.		The	
system	of	interest	was	lightly	n-type	quantum	wells	of	Hg1-xCdxTe,	which	revealed	ambipolar	
conduction	of	both	electrons	and	holes.		The	holes	were	observed	to	have	a	lower	mobility	and	
lower	density	than	the	electrons,	as	expected.	[4,9]		(Collaboration	with	U.	Michigan	&	
Teledyne)	
	
	
3)	Heavy-tail	transient	analysis	in	disordered	conductors:		
As	described	in	the	Year	#2	report,	in	the	process	of	studying	anisotropic	2D	conductors	it	was	
observed	that	the	disorder	potential	in	2D	systems	leads	to	unusual	transient	effects.		When	a	
disordered	system	relaxes	from	one	steady	state	to	another,	often	many	time	scales	are	
involved,	such	that	the	overall	decay	is	slower	than	a	simple	exponential	decay.		Such	a	response	
is	called	a	“heavy-tail	transient”	[8].		Normally	such	transients	are	associated	with	amorphous	
systems	[10],	but	we	have	demonstrated	in	a	recent	paper	submission	[11]	that,	remarkably,	the	
same	behavior	occurs	in	gated	two-dimensional	(2D)	materials.		The	exact	formula	for	the	
generic	transient	described	by	dispersive	diffusion	is:	
	
	 	 	 𝜎 𝑡 = 𝜎! + Δ𝜎

!!!

! !/! ! !!! !!
	 	 (1)	

	
This	powerful	equation	was	first	derived	by	the	PI	in	Ref.	[11]	and	is	able	to	explain	an	entire	
class	of	heavy-tail	responses	from	the	stretched	exponential	decay	in	one	limit	(C	→	0)	to	the	
algebraic	decay	in	the	other	limit	(C	→	1).		This	heavy	tail	transient	was	first	identified	and	
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characterized	in	indium-gallium-zinc-oxide	amorphous	semiconductors,	and	a	parameterization	
of	the	experimental	data	was	developed	in	terms	4-fit	parameters	in	Eq.	1	(Δσ,	τ,	β,	and	C)	[10].		
The	PI	working	with	collaborators	identified	the	utility	of	this	heavy-tail	fit	in	an	extremely	broad	
class	of	relaxation	phenomena	from	photoconductivity	to	piezoresistance,	and	in	an	extremely	
broad	class	of	materials	from	semiconductor	superlattices	to	2D	materials	to	concrete	blocks.	
The	eight	different	research	thrusts	are	categorized	below,	and	include	three	national	
collaborations	with	universities	and	AFRL	labs,	as	well	as	two	international	collaborations	with	
Israel	and	China.	
	
Heavy-tail	relaxation	dynamics	have	been	identified	in	the	following	highly	disordered	electronic	
systems:	
	
a)	Photoconductivity	relaxation	in	indium	gallium-zinc-oxide	(IGZO):		Exposure	to	ultraviolet	light	

causes	non-equilibrium	dissociation	of	oxygen	bonds,	reducing	the	coordination	number	of	
the	cations.		When	light	is	turned	off,	these	deep-level	traps	and	their	random	configuration	
cause	a	distribution	of	trap	capture	times.	(Grayson,	et	al.	[10])	

b)	Piezoresistance	relaxation	in	composite-polymer	foams:		Semiconducting	nanoparticles	in	a	
polymer	matrix	with	micron-scale	air	voids	show	a	pressure	dependent	conductivity.		The	
heavy-tail	relaxation	of	this	conductivity	with	a	step	change	in	pressure	can	be	explained	
through	a	percolation	model	of	densification	with	dispersive	diffusion	dynamics.		(Grayson,	
et	al.	[13])	

c)	Plastic	conductivity	relaxation	in	nanotube/silicone	composites:	Carbon	nanotubes	in	a	matrix	
of	silicone	rubber	make	a	conductive	composite	whose	conductivity	can	be	used	to	measure	
the	instantaneous	stress.		As	the	composite	stretches	under	plastic	deformation,	the	slow	
change	in	stress	results	in	a	changing	conductivity.	(Collaboration	with	Noa	Lachman-
Senesh,	Tel	Aviv	U.)	

d)	Lifetime	studies	of	nanostructured	lithium	ion	battery	cathodes:		Graphitic	cathodes	can	be	
made	for	lithium	ion	batteries	so	that	a	very	large	surface	area	allows	for	rapid	charging	/	
discharging.		The	stored	charge	per	cycle	decays,	however,	per	cycle	number	following	a	
heavy-tail	relaxation.	(Collaboration	with	Mark	Hersam,	Northwestern	U.)	

	
The	fit	is	also	applicable	to	disorder	in	the	following	semiconductor	systems	that	are	not	
normally	considered	“highly	disordered:”	
	
e)	Gated	photoconductivity	transients	of	black	phosphorus	2D	flakes:		(Grayson,	et	al.	[11])	

Disorder	in	black	phosphorus	flakes	can	be	tuned	by	intentional	exposure	to	ozone,	and	
heavy-tail	transients	are	shown	to	relax	with	different	qualitative	functional	forms	
depending	on	whether	the	sample	is	pristine	(algebraic	decay,	C	→	1	in	Eq.	1,	above)	or	
disordered	(stretched	exponential,	C	→	0	in	Eq.	1,	above).		This	represents	the	first	time	
that	a	heavy	tail	relaxation	has	been	shown	to	be	tuned	by	disorder,	and	the	first	time	that	
dispersive	diffusion	dynamics	have	been	proposed	for	2D	materials.	

f)	Type-II	superlattice	photoluminescence:	Interface	roughness	leads	to	a	disordered	potential	
for	trapping	electrons	and	holes.		The	relaxation	time	distribution	is	due	to	statistically	
varying	separations	between	trapped	electrons	and	trapped	holes,	which	leads	to	
statistically	distributed	luminescence	times.	(Collaboration	with	Elizabeth	Steenbergen,	
AFRL,	Wright-Patterson)	

g)	MoS2	photoconductivity:		Illumination	of	a	MoS2	transistor	leads	to	a	transient	photodecay	
that	fits	a	heavy-tail	response.		Again,	photoluminescence	may	be	restricted	by	disorder,	in	
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this	case	disorder	caused	by	interface	roughness,	as	well	as	local	and	remote	ionized	
impurities,	and	adsorbed	gases.	(Collaboration	with	Patrick	Kung,	U.	Alabama)	

	
The	fit	is	also	generalizable	to	relaxation	in	non-electronic	systems:	
	
h)	Concrete	stress	relaxation:		Under	constant	stress,	concrete	blocks	slowly	undergo	strain	

relaxation	through	microcracks	and	other	deformations.		Such	relaxations	are	conjectured	
to	obey	the	same	relaxation	equations.	(Collaboration	with	Sumei	Zhang,	Harbin	Institute	of	
Technology,	China)	

	
	
4)	Disorder	scaling	in	non-ohmic	conductivity	of	2D	materials:	
In	the	process	of	studying	2D	conductors,	the	common	effect	was	observed	that	the	gated	
conductivity	is	non-linear,	and	that	changes	in	the	surface	adsorbed	gases	lead	to	changes	in	
both	the	doping	level	and	the	mobility.		The	adsorbate	dependence	of	a	2D	transistor	is	typically	
plotted	as	a	series	of	apparently	dissimilar	characterization	curves	at	different	adsorbate	
concentrations.		We	conducted	studies	of	2D	materials	of	MoS2	and	Bi2Te3	[8,12]	to	
demonstrate	that	all	of	these	characterization	curves	at	different	adsorbate	concentrations	can	
all	be	collapsed	onto	a	single	universal	curve	that	is	characteristic	of	that	particular	material.		
The	theoretical	model	to	explain	this	behavior	makes	only	two	simple	assumptions:	1)	that	the	
disorder	potential	amplitude	is	proportional	to	the	number	of	adsorbates;	and	2)	that	the	effect	
of	screening	on	the	disorder	potential	can	be	approximated	by	a	simple	dielectric	constant.		This	
scaling	effect	of	the	disorder	potential	should	lead	to	simpler	and	more	rigorous	
characterizations	of	all	2D	transistor	sensor	devices.	
	
	
5)	Percolation	model	for	electrical	and	thermal	conductivity	in	disordered	media:	
The	last	system	to	be	characterized	was	disordered	porous	media,	which	can	become	
anisotropic	under	uniaxial	pressure.		The	first	example	is	a	composite	conductor	of	
semiconducting	micron-scale	grains	mixed	with	a	small	amount	of	polymer	and	up	to	50%	air	
[13].		Such	systems	are	typically	called	composite	polymer	foams.			We	studied	the	conductivity	
of	the	extruded	threads	of	such	polymer	foams	as	a	function	of	pressure	lateral	to	the	threads.		
We	observed	that	the	conductivity	of	the	threads	can	fit	a	power	law	in	pressure,	indicative	of	a	
percolation	model	for	the	conductivity.		Remarkably,	this	model	seems	to	be	the	first	time	that	
percolation	theory	has	been	applied	to	the	conductivity	of	composites.		Aligned	with	the	
importance	of	characterizing	electrical	conductivity	of	percolating	networks	is	the	importance	of	
characterizing	thermal	conductivity.		The	studies	of	metal	organic	framework	thermal	
conductivity	grown	by	combustion	synthesis	were	shown	to	fit	well	with	a	percolation	model	
[7,9].		These	metal	organic	frameworks	are	important	as	absorbent	layers	for	natural	gas	storage	
in	future	low-emission	vehicles.	
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Analyzing Longitudinal Magnetoresistance Asymmetry to Quantify Doping Gradients:
Generalization of the van der Pauw Method
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A longitudinal magnetoresistance asymmetry (LMA) between a positive and negative magnetic field is
known to occur in both the extreme quantum limit and the classical Drude limit in samples with a
nonuniform doping density. By analyzing the current stream function in van der Pauw measurement
geometry, it is shown that the electron density gradient can be quantitatively deduced from this LMA in the
Drude regime. Results agree with gradients interpolated from local densities calibrated across an entire
wafer, establishing a generalization of the van der Pauw method to quantify density gradients.

DOI: 10.1103/PhysRevLett.115.186804 PACS numbers: 73.43.-f, 72.20.My, 73.50.Jt

Experimental measurements of longitudinal magneto-
resistance Rxx in semiconductor quantum wells (QWs) can
show asymmetry with respect to a positive and negative
magnetic field B. At large fields and low temperatures in
the quantum Hall (QH) regime, larger Rxx peaks appear for
one sign of the magnetic field, and smaller or vanishing Rxx
peaks for the opposite field [1] obeying the Onsager-
Casimir relations [2–4]. However, the underlying cause
of the asymmetries remained unknown until more recent
work by Pan et al. [5] in the fractional QH regime, whereby
quantized Rxx maxima were explained by assuming an
electron density difference across the sample. Motivated by
this experiment, Ilan et al. [6] introduced a stream-function
[7] model for current flow in the QH regime under an
electron density gradient in the high-B limit ρxx ≪ ρxy, and
they were able to explain the key features observed by Pan,
where ρxx and ρxy are the longitudinal and transverse
resistivities, respectively.
Despite the relevance of the above work, the low-

magnetic field Drude limit, whereby resistivity components
ρxx ∼ ρxy are of the same order, has a much broader
practical scope than the restricted QH regime considered
above. The majority of semiconductor characterizations are
in this low-B limit, such as room temperature character-
izations of samples with any mobility, and moderate-
mobility magnetotransport of samples at any temperature.
The above analysis of Ilan et al. also suffers from the
significant drawback that it is not able to deduce the two
independent components of the density gradient from a
single sample. Yet, density anisotropies are important to
characterize since spurious effects in QH traces [1,5] can
result from wafer-scale density variations inherent to
epitaxial growth [8], and inaccurate estimates of the
activation energies of the QH regime are shown to result
from anisotropic current flow [9]. Thus, there remain
significant challenges for magnetotransport characteriza-
tion of inhomogeneously doped samples.

In this Letter, the longitudinal magnetoresistance asym-
metry (LMA) is comprehensively studied for an arbitrarily
oriented density gradient in the more broadly relevant low-
magnetic field Drude limit, and a method to quantitatively
measure both components of the density gradient is
developed and calibrated against interpolated local den-
sities of neighboring samples. Drastically asymmetric
longitudinal resistance is observed in van der Pauw
(vdP) samples [10] in both the QH and the Drude regime
(Fig. 1). We find that upon entering the Drude regime at
higher temperatures, the LMA can be quantitatively
explained with a model that assumes a density gradient
in a classical Drude conductor. This LMA analysis deduces
the magnitude and direction of the density gradient ∇n as
well as the local resistivity ρ0ðBÞ from a consideration of
four-point resistances at both positive and negative B fields.
Such a technique promises to revolutionize magnetotran-
sport characterization, allowing one to estimate density
gradients with a simple extension of the vdP method
[10]. We verify the validity and reproducibility of this
LMA method on square samples cleaved from a high-
mobility GaAs QW wafer. Both the angle and the
magnitude of the density gradients from this method
match those interpolated from local electron density
measurements.
Our experiments were carried out on a two-inch

wafer hosting a 30 nm-wide GaAs QW, with an average
electron density n̄ ¼ 2.6 × 1011 cm−2 and mobility μ̄ ¼
6.6 × 106 cm2=V · s at T ¼ 1 K. The wafer was grown by
molecular beam epitaxy in a Gen II Varian chamber without
any rotation during growth, leading to moderate density
gradients as large as 20%=cm caused by the asymmetric
positioning of the Ga, Al, and Si-dopant fluxes. The wafer
was diced into 4 × 4 mm2 square samples that were each
contacted with four indium dots on the corners and four on
the flats of each side, and then alloyed. Samples were
measured in both a dilution refrigerator and 4He flow
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cryostat (T ¼ 50 mK–300 K) with standard lock-in
techniques.
Figure 1 shows the two longitudinal resistances Rxx ¼

R43;12 and Ryy ¼ R32;41 of sample D4 measured at �B
fields at T ¼ 50 mK, 1.6 K, and 100 K. The notation R43;12
means current is sent from contact 4 to 3, and voltage is
measured at contact 1 relative to 2 [10,11]. According to the
symmetry of the measurement, one would expect a per-
fectly homogeneous sample to exhibit the same longi-
tudinal resistances Rxx and Ryy for þB and −B fields.
However, at the lowest temperatures, an extreme anisotropy
is observed in the QH Rxx and Ryy traces [Fig. 1(a)], which
decreases with increasing temperature [Fig. 1(b)], but still
persists up to the Drude limit at T ¼ 100 K [Fig. 1(c)]. The
analysis below will focus on this high temperature Drude
regime where quantum oscillations vanish. To stay within
the Drude limit, the temperature was kept above T ≥ 30 K
to suppress quantum oscillations and below T ≤ 100 K to
avoid parallel conduction in the doping layers.
To theoretically model the observed LMA, a rectangular

sample (Fig. 1 insert) with a local density gradient is
considered. The resistivities obey the local Drude equations
ρxxðrÞ ¼ 1=½nðrÞeμðrÞ� and ρxyðrÞ ¼ ∓B=½nðrÞe� for a
B-field pointing out of the page in the þz-direction, and

a stream function ψ describes the current density jðrÞ ¼
ẑ × ∇ψðrÞ [7]. In this manuscript, wherever dual polarities
are indicated � or ∓, the upper polarity describes p-type
samples, and the lower n-type. The local electric field
EðrÞ ¼ ρðrÞjðrÞ must satisfy ∇ ×E ¼ 0 in steady state,
leading to

ρxx∇2ψ þ∇ρxx ·∇ψ − ẑ · ð∇ψ ×∇ρxyÞ ¼ 0: ð1Þ

We then solve Eq. (1) under more general conditions than
previously considered: whereas Ref. [6] neglects ∇ρxx in
Eq. (1) for the high-mobility and high magnetic field limit,
this term must be preserved for the general treatment
derived here. And unlike Ref. [6], we consider a density
gradient that can be oriented in an arbitrary direction.
The∇ρxx and∇ρxy gradients can be defined in terms of a

normalized density gradient,

η ¼ ðηx; ηyÞ ¼
∇n
n0

: ð2Þ

The local mobility is assumed to follow a power-law
dependence on local density according to the standard
screening assumption μðrÞ ¼ μ0½nðrÞ=n0�γ , typically 0.5 <
γ < 1.5 [12–14]. The subscript 0 identifies local values at
the center of the sample, whereby n0 is the density, μ0ðBÞ
the B-dependent mobility, and ρ0ðBÞ ¼ 1=n0eμ0ðBÞ the
B-dependent Drude resistivity at the center of the sample.
The resulting resistivity gradients to first order in η become

∇ρxx ¼ −ρ0ð1þ γÞη; ∇ρxy ¼ �ρ0μ0Bη: ð3Þ

Equation (1) is now evaluated keeping all derivative
terms up to first order, and the four-point longitudinal
resistance at finite B becomes

Rxx ¼ R43;12 ¼ −
ρ0
I

Z
x1

x2

�
−
∂ψ
∂y

�
y¼0

dx

¼ eW=2ξx
X∞
m¼1

2m2π2Lρ0λm
sinh ð1

2
λmWÞ

½1 − ð−1Þm cosh ðL=2ξyÞ�
½ðL=2ξyÞ2 þm2π2�2 ;

ð4Þ

with length scale ξ ¼ ðξx; ξyÞ defined in terms of the
components of η:

1

ξx
¼ �μ0Bηx − ð1þ γÞηy;

1

ξy
¼ �μ0Bηy þ ð1þ γÞηx;

ð5Þ

where

λm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½B2μ20 þ ð1þ γÞ2�η2 þ 4m2π2=L2

q
: ð6Þ

FIG. 1. Asymmetric longitudinal magnetoresistance Rxx ¼
R43;12 and Ryy ¼ R32;41 of sample D4 in the QH regime at
(a) T ¼ 50 mK, (b) 1.6 K, and in the Drude regime at
(c) T ¼ 100 K. The curves for −B fields are magnified by 20
times for (a) and (b) in order to see subtle features. Note how the
asymmetry exaggerates with decreasing temperature. (Inset)
Sample layout for a square sample L ¼ W.
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The analogous expression for Ryy ¼ R32;41 follows from
the simple rotation transformation x → −y, y → x,
ξx → −ξy, ξy → ξx, and L⇌W.
In this Letter, we consider only physically reasonable

density gradients across a roughly square sample (W ∼ L),
such that the percent of density variation δ across the
sample defines a small parameter,

δ ¼ Δn
n0

¼ jη · ðLx̂þWŷÞj: ð7Þ

Here, Δn represents the maximum change in density across
the sample, and the relative accuracy of all expressions
below are specified in terms of δ.
The first task is to identify the angle of the density

gradient θ over the full range of B. Upon evaluating the
ratio RxxðþBÞ=Rxxð−BÞ from Eq. (4), the B-symmetric
component of the exponential prefactor cancels, as does the
summation term which is approximately symmetric in B for
small δ, leaving

ln
RxxðþBÞ
Rxxð−BÞ

¼ �Wηxμ0ðBÞB: ð8Þ

The corresponding expression for Ryy follows from the
rotation transformation, and combined with Eq. (8) the
density gradient angle θ becomes

tan θ ¼
ηy
ηx

¼ −
ln RyyðþBÞ

Ryyð−BÞ

ln RxxðþBÞ
Rxxð−BÞ

W
L
; ð9Þ

accurate to within an error of less than 1
2
δ.

To test Eq. (9), we independently estimate a density
gradient angle θint interpolated from the densities of
neighboring samples. Figure 2(a) compares the interpolated
result θint ¼ 117° to θ from the LMA method of Eq. (9).
The gradient angle θ compares favorably and is constant at
114° over the entire range except for the lowest magnetic
fields.
The second task is to determine ρ0ðBÞ, the B-dependent

local resistivity, in the low-B limit. From Eq. (6) and
its rotation transform, λm is independent of the magnetic
field below B0

x ¼ 1=ðμ0jηxjWÞ and B0
y ¼ 1=ðμ0jηyjLÞ.

Therefore, B ≤ B0 ¼ minfB0
x; B0

yg sets the range where
the approximation λm ≈ 2mπ=L is valid [15], simplifying
Eq. (4),

RxxðBÞ ¼ eW=2ξxρ0ðBÞ
16

π
½tanh−1ðe−πðW=LÞÞ

þ sinh2ðL=4ξyÞ ln ð1þ e−πðW=LÞÞ�: ð10Þ

Equation (8) and its rotation transform along with Eq. (5)
define η and ξ, in turn. Substituting into Eq. (10) and
solving for ρ0 gives an expression for the resistivity which
we label ρa0 ,

ρa0ðBÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RxxðþBÞRxxð−BÞ

p π

16

�
tanh−1ðe−πðW=LÞÞ

þ sinh2
�
ln
RyyðþBÞ
Ryyð−BÞ

=4

�
ln ð1þ e−πðW=LÞÞ

�
−1
:

ð11Þ

The rotation transformed Eq. (11) is labeled ρb0 , and the
most accurate estimate of ρ0ðBÞ is their average,

FIG. 2. Gradient angle θ, resistivity ρ0, and gradient
parameters fx and fy are plotted as a function of B for
sample D4. (a) The dotted line θ is constant 114° except at
the lowest B, and it compares favorably to the dashed line
θint ¼ 117° interpolated from neighboring samples. (b) ρ0ðBÞ
exhibits flat Drude behavior everywhere except below
B00 ¼ 0.2 T. (c) Normalized density gradient components ηx
and ηy determined from the slopes of the linear fitting lines of
fxðBÞ (black) and fyðBÞ (grey) within B00 < B < B0. Intersection
of solid lines with dotted lines indicate upper magnetic field
range of Drude behavior B0

x and B0
y (see text).

PRL 115, 186804 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

30 OCTOBER 2015

186804-3

DISTRIBUTION A: Distribution approved for public release



ρ0ðBÞ ¼
1

2
½ρa0ðBÞ þ ρb0ðBÞ�; ð12Þ

accurate to within δ.
Equations (11) and (12) generalize the classic van der

Pauw equations [10] for the case of a density gradient. The
four contacted corners of the sample can all have different
local resistivity and density, yet these equations can still
estimate the local resistivity in the center of a sample ρ0ðBÞ.
The result is plotted in Fig. 2(b) for sample D4, showing a
Drude-like responsewith very little dependence onB except
nearB ¼ 0 T,where quantumphase coherent effects such as
weak localization [16–18] and memory effects [19–22] as
well as electron-electron interactions [23,24] may play a
role.Wewill, therefore, identify a lower limit for Drude-like
behavior as B00, which for sample D4 is B00 ¼ 0.2 T.

The final task is to deduce the components of the density
gradient from the low-B data. Multiplying Eq. (8) and its
rotated counterpart on both sides by ρ0ðBÞ yields the
functions

fxðBÞ ¼ � n0e
W

ρ0ðBÞ ln
RxxðþBÞ
Rxxð−BÞ

¼ ηxB;

fyðBÞ ¼ ∓ n0e
L

ρ0ðBÞ ln
RyyðþBÞ
Ryyð−BÞ

¼ ηyB: ð13Þ

Their slopes in B give the normalized density gradient

∇n=n0 ¼ η ¼
�
dfx
dB

;
dfy
dB

�
: ð14Þ

In a perfect Drude model, these slopes would persist to
B ¼ 0 T, but since B00 sets the lower limit of the Drude
behavior, we only expect a linear fit within the
domain B00 < B < B0.
Figure 2(c) illustrates how the density gradient can be

deduced graphically. The functions fxðBÞ and fyðBÞ are
plotted as solid lines along with sgn½fxðBÞ�=½μ0ðBÞW� and
sgn½fyðBÞ�=½μ0ðBÞL�, respectively, as dotted lines, where the
sign function is defined sgnðxÞ ¼ þ1 for x ≥ 0 and sgnðxÞ ¼
−1 for x < 0. The condition for B0

x ¼ 1=μ0jηxjW and B0
y ¼

1=μ0jηyjL is graphically determined from their intersection,
and theB-field range delimiter,B0 is identified with the lesser
of B0

x or B0
y. From Fig. 2(c), the density gradient components

ηx ¼ −10% cm−1 and ηy ¼ 22% cm−1 are then extracted
from the slopes of the linear fitting lines within the
domain B00 < B < B0.
We can verify this LMA analysis across an entire wafer

by creating an interpolated density map. The wafer is
illustrated in Fig. 3 with various colored tiles designating
the local measured densities. The interpolated normalized
density gradients ηint ¼ ∇nint=n0 were deduced by calcu-
lating the first derivative of the density map smoothed via
the so-called QR algorithm [25]. In addition to D4, six
other samples marked with origins of each arrow in Fig. 3
were selected, and density gradients ∇nint deduced from the
interpolated data are plotted as black arrows. For compari-
son, the density gradient magnitudes and angles for these
same samples were also determined with the LMAmethod,
and ∇n ¼ n0η is plotted with green arrows. Conformal
equivalence [26,27] also allows us to use the four flat
contacts (pink, Fig. 3 inset) at the center of each side to
measure the density gradient, provided we rotate the
resulting angle by 45 °, with the result plotted in Fig. 3
as pink arrows. In the limit of a weak uniform density
gradient these results agree quantitatively [28]. The overlap
of these gradient vectors verifies the consistency of the
LMA method for calibrating density gradients.
AsFig. 3 demonstrates, the LMAanalysis has the practical

consequence of providing a quick and simple evaluation of
density gradients of 2D conducting layers of single samples,
in contrast to the cumbersome task ofmeasuring the densities
and mobilities of neighboring samples. To measure high-
mobility samples such as those investigated here, higher
temperatures are needed to increase the resistivity ρ0 and
thereby increase B0 so that a wider range of B field can be
used to extract the density gradient magnitude.
To summarize, we observed an asymmetry in the

longitudinal resistance in the QH and Drude regimes,
and we developed an analytical model to extract the density
gradient. Equations (9) and (11)–(14) are unique to this
work, and they allow one to calculate the angle and
magnitude of the density gradient, as well as the local
resistivity ρ0ðBÞ, from the longitudinal resistances Rxx and
Ryy in both þB and −B fields. The physics discussed here
allows one to quantify the uniformity of 2D materials such

FIG. 3 (color online). Density color map of a two-inch GaAs
QW wafer calibrated by dicing into 4 × 4 mm2 samples and
measuring the local density n0 of various samples. Black arrows
represent local density gradients ∇nint ¼ n0ηint interpolated from
this density map. Green (pink) arrows represent LMA method
density gradients ∇n ¼ n0η using corner (flat) contacts, as
shown in the inset, left. Sample D4 is presented in greater detail
(Figs. 1 and 2).
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as graphene [29,30], MoS2 [31–33], WS2 [34], β-metallic
phosphorus [35], and topological insulators [36,37], where
individual micron-sized exfoliated samples do not have the
luxury of having “neighboring” pieces to deduce density
gradients. This work generalizes the classic vdP analysis to
handle the case of a density gradient.
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The crystal orientation of an exfoliated black phosphorous flake is determined by purely electrical
means. A sequence of three resistance measurements on an arbitrarily shaped flake with five contacts
determines the three independent components of the anisotropic in-plane resistivity tensor, thereby
revealing the crystal axes. The resistivity anisotropy ratio decreases linearly with increasing temperature T
and carrier density reaching a maximum ratio of 3.0 at low temperatures and densities, while mobility
indicates impurity scattering at low T and acoustic phonon scattering at high T.
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Layered two-dimensional (2D) materials, also called van
der Waals materials, have an anisotropic crystal structure,
allowing micromechanical exfoliation into thin sheets.
However, many important 2D materials including black
phosphorus (BP), GaTe, ReS2, SnS, and WTe2 possess
additional in-plane structural anisotropy that manifests as
an anisotropic in-plane resistance [1–5]. For example, BP is
a high mobility layered semiconductor with a band gap
from 0.3 to 1.7 eVas its thickness is decreased from bulk to
monolayer [1,6–8]. Its properties have been demonstrated
in electronics as field-effect transistors [1,2,9] and
optoelectronics as photodetectors [10,11]. Of particular
importance are the anisotropic properties of BP, including
quasi-1D excitons in the monolayer limit, a half-linear,
half-parabolic dispersion under hydrostatic pressure, and
anisotropic negative Poisson’s ratio under compression
[12–16]. All such anisotropic studies require identification
of the crystallographic orientation of BP, which until now
has required polarized Raman and optical reflection spec-
troscopy [2,7,11,17]. However, there currently exists no
electrical method to accurately measure the crystal orien-
tation in as-exfoliated BP. Prior electrical methods to
quantify anisotropy have strict geometric constraints on
the sample shape and/or crystallographic orientation, limit-
ing their utility with exfoliated materials [18–21]. The
radial starburst contact pattern commonly employed in 2D
anisotropy characterization is only qualitatively accurate
due to the two-point series contact resistances and the
short circuiting of current through the many peripheral
contacts [2,22].
Here, an all-electrical technique quantifies the aniso-

tropic resistivity tensor of arbitrarily shaped few-layer
flakes of BP, thereby revealing in-plane crystal orientation.
Three or more four-point resistance measurements that use

at least five contacts at the periphery of a thin flake can
determine the three unknowns—the c- and a-axis resis-
tivity, and anisotropy angle—via geometric transformations
including conformal mapping. The crystallographic orien-
tation deduced from this all-electrical conformal five-
contact (C5C) method is confirmed with polarized
Raman spectroscopy. For the first time, both temperature
and carrier density dependence of the electrical anisotropy
are reported in the same flake in an exfoliated 2D material.
Devices were fabricated using black phosphorus micro-

mechanically exfoliated onto a degenerately doped Si wafer
with a 300 nm thermal SiO2 film. This served as the gate
electrode and gate dielectric, respectively. Electron beam
lithography was used to define device features, and the
electrodes consisted of thermally evaporated Ni/Au
10/40 nm. In order to minimize oxidation during process-
ing, the device was stored in a glovebox, and anhydrous
1-methyl-2-pyrrolidone was used for resist liftoff. After
device fabrication, alumina was deposited via atomic layer
deposition in order to encapsulate the device.
There are a total of three unknowns in the 2D anisotropy

problem. Here we parametrize them as the anisotropy angle
θ between the x-y lab basis and the c-a crystal basis, the
sheet resistivity determinant ρ2s ¼ kρk, and a geometric
anisotropy scaling factor α ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρcc/ρaa4

p
≤ 1. The c-a axes

represent the right-handed coordinate system for the arm-
chair and zigzag directions in black phosphorus, respec-
tively, and θ subtends the angle between the laboratory x
axis and the crystal c axis. Though, in general, no analytical
expression can solve these three unknowns in terms of
measured four-point resistances, it is nonetheless straight-
forward to compute the inverse problem, namely, to
calculate the four-point resistance value Rk for a given
sample shape and contact configuration k when the
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parameters ρs, θ, and α are known. From such an
expression, each four-point resistance measurement then
constrains the space of possible ρs, θ, and α values, and the
intersection of three such subspaces from three different
measurements will define the unique solution for ρs, θ,
and α.
The first step is therefore to calculate this 4-point

resistance function Rk for the sample shape of interest in
terms of prescribed ρs, θ, and α parameters. A photograph
of the exfoliated flake will be used to define a polygon
approximation to the sample shape, and three coordinate
transformations will be performed that each preserve the
resistivity determinant. As an example, consider the poly-
gon-shaped sample in Fig. 1(a) with V ¼ 7 geometric
vertices. The anisotropic 2D resistivity direction set by θ is
depicted graphically with rectangular cross-hatched lines,
where the widely (closely) spaced green (blue) lines

represent the high- (low-) resistivity direction. Of these
seven vertices, N ¼ 5 represent contacts, labeled A–E. The
contacts can also be located along flat edges using the same
coordinate transformations and analysis. Because each
transformation preserves the resistivity determinant, the
sheet resistivity scale ρs can be factored out of the
expression for the four-point resistance:

Rkðρs; θ; αÞ ¼ ρsfkðθ; αÞ: ð1Þ

The resulting geometric function fkðθ; αÞ for a given
sample geometry and contact configuration k depends on
the rotation and scale transformation variables θ and α,
respectively. The first transformation [Fig. 1(b)] is a
counterclockwise rotation by the anisotropy angle θ from
the x-y lab basis to the c-a crystal basis. The second
transformation [Fig. 1(c)] is an anisotropic scaling [23]
where the new c0-a0 axes are scaled by 1/α and α,
respectively, and the anisotropy scaling factor α maps
the original anisotropic conductor to an equivalent iso-
tropic conductor with the same sheet resistivity determi-
nant:

�
c0

a0

�
¼

�
1/α 0

0 α

��
cos θ sin θ

− sin θ cos θ

��
x

y

�
: ð2Þ

The third and final determinant-preserving step is the
reverse Schwarz-Christoffel transformation. A forward
Schwarz-Christoffel transformation [24] maps a coordinate
w ¼ uþ iv in the upper half u-v plane to a point ζ ¼
c0 þ ia0 within a polygon in the c0-a0 plane according to the
complex integral,

ζðwÞ ¼
Zw

0

1

ðζ − u1Þ1−β1/πðζ − u2Þ1−β2/πðζ − u3Þ1−β3/π…
dζ;

ð3Þ

where ui are points along the u axis in the u-v plane, which
map to vertices ðc0i; a0iÞ of the polygon in the c0-a0 plane
with subtended vertex angles βi. The reverse Schwarz-
Christoffel transformation is simply the computational
inverse of this one-to-one mapping, from the polygon to
the upper half-plane [25]. The geometric function for any
four-point resistance can now be calculated analytically
from the point ui along the boundary of the semi-infinite
plane [26]:

flm;np ¼ 1

π
ln

�ðun − ulÞðup − umÞ
ðup − ulÞðun − umÞ

�
≡ fk: ð4Þ

Here l, m label the � current and n, p the � voltage
contact pairs, respectively, of the kth contact configuration,

FIG. 1. Conformal five-contact method on anisotropic BP
sample A. (a) Polygon approximation of the sample in the x-y
lab frame. (b) Rotation by θ to the c-a crystal axes. (c) Anisotropic
scaling of crystal axes by 1/α and α, respectively, to equivalent
isotropic resistivity sample in the c0-a0 basis. (d) Conformal
mapping to the semi-infinite u-v plane. Inset photo: sample A in
the lab frame overlaid with polygon approximation. All four-
point resistances of the original anisotropic sample are identical
to those of the semi-infinite plane. (e) C5C Variance minimiza-
tion method: color plot of normalized variance σðα; θÞ from
Eq. (3) on a 2θ polar plot with minimum variance at θ0 ¼ 93° and
α0 ¼ 0.85 (r ¼ 1.9), where ρs;0 ¼ 11 kΩ. (f) C5C Parametric
intersection method: shown are various αðθÞ curves on a 2θ polar
plot. Variance minimization method results in (e) agree with
parametric intersection results in (f).
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where k ¼ f1; ...;Mg for the total number of M ¼ 2ðN
4
Þ

independent configurations.
In practice, the number Q of four-point resistances

actually measured is typically more than 3, and the
unknowns ρs, θ, and α are determined from a simple
variance minimization based on Eq. (1). Solving Eq. (1) to
define a parametric dependence of the sheet resistivity on
the transformation parameters ρs;kðθ; αÞ ¼ Rk/fkðθ; αÞ, the
normalized variance σ of the candidate sheet resistivities
can be written as a function of θ and α,

σðθ; αÞ ¼ 1

hρs;kðθ; αÞi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPQ
k¼1 ½ρs;kðθ; αÞ − hρs;kðθ; αÞi�2

Q

s
:

ð5Þ

The coordinates ðθ0; α0Þ that minimize this variance
reveal the unique solution for the crystallographic orienta-
tion θ0 and anisotropy scaling factor α0. The sheet
resistance is then the average value at the point of minimum
variance ρs;0 ¼ hρs;kðθ0; α0Þi. The final 2D anisotropic
resistivity tensor becomes ρcc ¼ α20ρs;0 and ρaa ¼ α−20 ρs;0.
The variance minimization C5C method was applied to

sample A [Fig. 1(d), inset], whose polygon approximation
was introduced above. Sample A is a d ¼ 31 nm thick
micromechanically exfoliated BP flake with sheet carrier
density p ¼ 1.77 × 1012 cm−2 measured at 300 K. The
resulting variance σðθ; αÞ of Q ¼ 10 different measured
contact configurations is shown in Fig. 1(e). Because the
variance σðθ;αÞ ¼ σðθ þ 180°;αÞ is periodic with period
180°, the minimum can be uniquely represented in a 2θ
polar plot whereby the graphical angle is twice the
anisotropy angle θ, and the isotropic condition α ¼ 1 is
at the polar center. The global minimum is observed at
θ0 ¼ 93° and α0 ¼ 0.85 yielding ρs;0 ¼ 11� 1 kΩ with
anisotropy ratio r ¼ ðρaa/ρccÞ ¼ α−40 ¼ 1.9. This result is
consistent with previous reported values on both bulk [27]
and thin flake BP devices [2,28].
Because sheet resistance in isotropic 2D samples is often

measured with the van der Pauw (vdP) technique, we
introduce a second, equivalent C5C method for measuring
anisotropic resistivity, which we call the vdP parametric
intersection method [Fig. 1(f)]. Consider two four-point
resistances Rk and Rk0 chosen such that k and k0 are vdP
pairs of measurement contacts, whereby the same four
contacts are used such as ABCD, but cyclically permuted
among the current and voltage contacts, such as k ¼
fAB;DCg and k0 ¼ fBC; ADg [26]. From the two resis-
tance measurements Rk and Rk0 , the standard vdP method
gives the value for the isotropic sheet resistivity ρs, which
for anisotropic samples represents the square-root-deter-
minant resistivity [23] and sets a parametric constraint on
αðθÞ. For example, Fig. 1(f) shows M ¼ Q/2 ¼ 5 different
parametric curves αðθÞ on a 2θ polar plot for the five
possible sets of four contacts. Wherever any two curves

intersect, a consistent solution of α and θ exists, and the
final solution is the average of (ρs, θ, α) at all intersections.
For sample A, the result is ρs;0 ¼ 11� 1 kΩ,
θ0 ¼ 93°� 3°, and α0 ¼ 0.85� 0.01, such that r ¼ 1.9�
0.1 in excellent agreement with the C5C variance-mini-
mization results. To confirm the conformal five-contact
methods in Fig. 2, we investigated an MoS2 device sample
C with thickness d ¼ 8 nm that is not expected to show
anisotropy. The result confirms a very weak anisotropy of
only α0 ¼ 0.99 and r ¼ α−40 ¼ 1.05, with the variance
minimum in the center of the radial plot, with degenerate
solutions of θ0 and a sheet resistivity ρs;0 ¼ 69 kΩ.
The anisotropy angle θ0 determined by the C5C method

in BP sample A [Fig. 3(a)] was independently verified
using polarized Raman spectroscopy [Fig. 3(b)]. Polarizing
the incident 532 nm laser parallel to the detector polari-
zation, the armchair (c axis) and zigzag (a axis) directions
of BP can be determined [17]. Raman measurements of the
BP flake were taken by rotating the material in 10˚
increments, generating polarization-dependent Raman
spectra. By fitting intensities of the A2

g spectra, [29] the
angle of minimum Raman intensity is θR ¼ 97°� 5°
[Fig. 3(c)], in agreement with the more accurate C5C
measurement of θ0 ¼ 93°� 3° [Fig. 3(a)]. Note that the
encapsulation of the BP flake with atomic layer deposited
alumina protects against accelerated degradation due to
laser irradiation, and that the laser wavelength was chosen
to be transparent to the alumina [30].
The utility of this method is illustrated by studying

temperature- and hole-density dependence on another BP

FIG. 2. Conformal five-contact method on the isotropic MoS2
sample C. (a) Inset photo: sample C in the lab frame overlaid with
polygon approximation; the main panel shows conformal map-
ping to the semi-infinite u-v plane. (b) C5C Variance minimi-
zation method: color plot of normalized variance σðα; θÞ [Eq. (3)]
on a 2θ polar plot with minimum variance at α0 ¼ 0.99
(r ¼ 1.05) at the center of polar plot, where ρs;0 ¼ 69 kΩ.
(c) C5C Parametric intersection method: shown are various
αðθÞ curves on a 2θ polar plot. Variance minimization results
in (b) agree with parametric intersection results in (c).
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sample (sample B) with thickness d ¼ 28 nm that has N ¼
6 contacts. Here Q ¼ 14 contact combination measure-
ments were chosen, since more measurements allow greater
redundancy in 4-point resistance measurements and greater
accuracy in anisotropy calibration. From these measure-
ments, the anisotropy angle is θ0 ¼ 68° at 300 K, agreeing
again with Raman spectroscopy (results not shown) within
�5°, and the anisotropy ratio is r ¼ 2.5 for sheet carrier
density p ¼ 4.78 × 1011 cm−2.

The temperature dependence of the anisotropy ratio was
studied by holding the hole density of sample B fixed at
p ¼ 2.0 × 1012 cm−2 with gate bias. As shown in Fig. 4(a),
both the a- and c-direction mobilities show positive power-
law increase in the low-temperature range up to 180 K,
saturating at high temperature. This behavior is consistent
with strong impurity scattering at low temperatures and the
onset of acoustic phonon scattering at high temperatures, as
reported in BP [2,31] and other 2D materials [32,33]. These
measurements reveal that the anisotropy ratio r increases
linearly as T is decreased, while the anisotropy angle θ0
remains constant [Fig. 4(d)]. The observed temperature trend
of the anisotropy ratio matches the prediction for remote-
ionized-impurity scattering (Ref. [34]). Interestingly,
Fig. 4(b) shows that the linearly decreasing trend continues
even as the experiment crosses over to the high-temperature
phonon-limited regime that theoretical studies have yet to
investigate.
Examining the gate-voltage dependence in sample B, the

mobility along the a and c directions is measured as a
function of sheet carrier density from p ¼ 5.3 × 1011 to
4.4 × 1012 cm−2, whereby mobilities in both directions
increase with increasing carrier density [Fig. 4(c)] consis-
tent with theoretical prediction [34,35]. The anisotropy
ratio itself decreases slightly as density increases, while the
angle of anisotropy θ0 remains constant [Fig. 4(d)]. This
observed decrease in anisotropy is consistent with theory
for this charged impurity-dominated regime, and the weak
dependence indicates that a prevailing number of the
impurities are within or close to the BP layer itself [34,35].
In conclusion, the conformal five-contact method

employs a conformal mapping method to enable all-
electrical determination of the in-plane crystallographic
orientation and full resistivity tensor in arbitrarily shaped
anisotropic 2D materials. Testing exfoliated BP and MoS2,
both variance minimization and vdP parametric intersection
methods are shown to yield consistent results. The utility of
the C5C method is demonstrated with temperature and

FIG. 3. Comparison between the anisotropy angle determined by the C5C method and polarized Raman spectrum on BP sample A.
(a) Crystal orientation determined by the C5C method in Fig. 1 is θ0 ¼ 93°� 3°. (b) Selected polarized Raman spectra on sample Awith
polarization angle rotating from 0° to 360°. (c) Radiii of black dots on the polar plot represent peak amplitudes for polarized Raman
intensities of the A2

g peak, with the black curve representing a theoretical fit. Resulting Raman crystal orientation angle is θR ¼ 97°� 5°
in agreement with more accurate θ0 from the C5C method.

FIG. 4. Anisotropy analysis on BP sample B (d ¼ 28 nm) as a
function of density and temperature. Curves are guides to the eye.
(a) Temperature dependence: at fixed density, carrier mobilities
μcc and μaa along the armchair and zigzag directions, respec-
tively, both increase with a power law in the low-temperature
range, before saturating at high temperatures, indicating the onset
of phonon scattering. (b) At fixed density, anisotropy angle θ0
(top panel) remains constant, and ratio r (bottom panel) decreases
linearly with temperature. (c) Density dependence: Carrier
mobilities μcc and μaa increase with increasing carrier density.
(d) Anisotropy angle θ0 (top panel) remains constant while the
anisotropy ratio r (bottom panel) decreases slightly with carrier
density.
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carrier density dependence of the anisotropy in exfoliated
BP. Since the C5C technique can be universally applied
without the strict geometric restrictions of other electrical
techniques or the material-specific knowledge required for
optical spectra interpretation, it can advance fundamental
studies and accelerate device development in the rapidly
growing field of anisotropic 2D materials.
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ABSTRACT: Thermal conductivity is a crucial parameter for managing
exothermal gas adsorption in metal organic frameworks (MOFs), but
experimental studies have been limited. In this work, the thermal
conductivity of a zeolitic imidazolate framework ZIF-8 was experimentally
determined on thin films using the 3ω technique at different partial
pressures in perfluorohexane, nitrogen, air, and vacuum ambients at 300
K. In contrast to theoretical prediction, the thermal conductivity κ = 0.326
± 0.002 W/m K was approximately independent of ambient gas species
and pressure from atmospheric pressure to vacuum. This work introduces
a useful approach for probing MOF thermal conductivity under gas
adsorption.

KEYWORDS: metal organic framework, zeolitic imidazolate framework, ZIF-8, thin film, thermal conductivity, gas storage

With the growing demand for greener sources of energy as
well as the concurrent abundance of natural gas, vehicles

fueled by natural gas (NG) in place of petroleum products are
an attractive intermediate step toward the realization of a
ground transportation fleet that is powered by renewable
sources. Vehicles of this kind, however, require large, heavy, and
expensive high-pressure fuel tanks in addition to a refill-station
infrastructure equipped with high-pressure equipment. To
overcome these challenges, researchers have proposed the use
of fuel tanks loaded with adsorbed natural gas (ANG), as
opposed to liquefied or compressed natural gas, as a strategy for
storing large amounts of natural gas in smaller tanks at lower
pressure and ambient temperature.1 However, during the
exothermic process of NG adsorption, fuel tanks and their
contents undergo a significant temperature rise; depending on
the rate of filling and the details tank design as well as sorbent
packing and composition temperatures can rise to over 60 °C,2

a change that could significantly lower a sorbent’s gas storage
capacity.3 Similar challenges arise with cryosorption-based
storage of molecular hydrogen, the energy source for fuel-cell
powered vehicles. Thermal management in these adsorbents is
critical for rapid and efficient storage and release of NG or H2.

4

Metal−organic frameworks (MOFs), a class of highly
tailorable crystalline materials comprised of metal nodes and
organic linkers,5,6 are promising candidates as natural gas
adsorbents. To date, there have been few studies on the thermal
conductivity of MOFs. The thermal conductivity of the
prototypical material, MOF-5, has been obtained from
simulations,7 and confirmed experimentally on large MOF-5
single cubic crystals.8 Making large single crystals of MOFs can

be synthetically challenging, and pelletization of MOF powders
for measurements can be fraught with errors due to the
presence of large interparticle spaces.9 A zeolitic imidazolate
MOF proposed for hydrogen storage,10 ZIF-8 was predicted,
via molecular dynamics simulations, to have a low thermal
conductivity.11 These studies were only for empty lattices
without adsorbed gases, which limits our understanding on how
or whether the adsorbed gas affects heat transport within the
lattice of the MOFs. Recently, two computational studies
predicted opposite trends for the effect of gas adsorption on the
MOF thermal conductivity.12,13 The discrepancies in these
studies necessitate reliable experimental studies of thermal
conductivity in the presence of gas adsorbents.
Herein, we demonstrate a thin-film based approach for

measuring the thermal conductivities of MOFs (Figure 1). This
approach has been applied successfully by our group on other
thin-film systems14−16 and avoids the growth challenge of large
crystals. As a case study, ZIF-8 was selected because of its
known chemical and thermal stability.17 Thermal conductivity
measurements were conducted on ZIF-8 thin films at room
temperature in air or nitrogen, or in perfluorohexane (C6F14)
vapor, at variable pressures. Considering the potential hazard of
using flammable gases in the electrical circuit setup and in the
air, the inert vapor perfluorohexane was used as a substitute for
fuel gases such as methane, ethane, and propane. The results
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offer experimental insights toward the possible effects of guest
gas molecules on the thermal conductivity of the ZIF-8 host.
ZIF-8 films were grown with well-controlled thickness on

oxide-terminated silicon with an alumina adhesion layer (2 nm
AlOx/300 nm SiOx/Si) by first quickly immersing the substrate
in a beaker containing a freshly prepared methanolic solution of
2-methylimidazole (2-MeIm) and Zn(NO3)2·6H2O at room
temperature, as has been shown described elsewhere.18 By
replacing the fresh methanolic solution five times every 30 min,
a final film of ZIF-8 was obtained with a thickness of t = 300
nm.
Cross-plane thermal conductivity measurements of ZIF-8

thin films were obtained using the differential 3ω method14,19,20

where the thermal oscillations due to AC Joule heating were
compared between samples with and without the film of
interest. A gold filament, patterned onto the sample as
illustrated in Figure 1a, acted as both heater and thermometer
for AC temperature oscillation measurements. From the cross-
sectional view in Figure 1a, the heat flow is predominantly in
the cross-plane direction, as the filament width (w = 30 μm) is
much larger than the film thickness (t = 300 nm). By measuring
the difference between the substrate with film and the bare
reference substrate (final measurement device in Figure 1b),
the cross-plane thermal conductivity can be determined. The
four-point metal filament was patterned onto the smooth and
uniform film, as illustrated in the cross-sectional scanning
electron microscope images (Figure 2a). Following photo-
lithography (sample processing details in the Supporting
Information, Section 2), a 100 nm thick gold layer was
deposited by thermal evaporation atop an identically patterned
10 nm thick chromium adhesion layer. The filament on the
sample looks as shown in Figure 2b after lifting off the
photoresist. The sample was then baked in vacuum at 100 °C
for 2 h to evacuate the ZIF-8 pores of any solvent molecules
introduced during processing. Finally, gold wires were attached
with indium onto the contact pads for measurement. Multiple
filaments were usually made on each sample, in which sections
with the best adhered filament were used for measurement.
X-ray diffraction (XRD, Cu Kα, λ = 1.54 Å) patterns on the

thin films confirm the crystallinity of ZIF-8 thin films. The
results are shown in Figure 2c, where the inset shows the
rescaled peak amplitude for better visibility at 2θ > 8°. Except
for the peak of Au contacts (2θ ≈ 38.2°, from Au [111]
contacts) all the peaks are consistent with the simulation, and
the highest-intensity peak occurs at 2θ ≈ 7.4° indicating the
dominant crystal orientation of ZIF-8 [110]. Given the

possibility of slow hydrothermal degradation21,22 of ZIF-8,
XRD measurements were conducted multiple times throughout
this study over the course of several days (i.e., after synthesis,
between processing steps, and after measurements), and it was
ascertained that the crystallinity was maintained during the
thermal conductivity study. A more complete time series of
XRD results is shown in the Supporting Information, Section 3.
The thermal conductivity (κ) of ZIF-8 thin film was first

measured in air at room temperature shown in Figure 3 (see
the Supporting Information, Section 5, for κ derivation details).
The in-air thermal conductivity is reproducible among three
different thin film samples (κsample 1 = 0.33 W/(m K), κsample 2 =
0.29, and κsample 3 = 0.23 W/(m K)) and slightly higher than the
predicted ZIF-8 value (κ = 0.165 W/(m K)),11 confirming the
expected order of magnitude. The error range for the 3
conductivity values from the three samples is representative of
the differences from sample to sample, which were made/
prepared from different batches and/or on different days,
though it is possible that this variability could be due to the
relative amounts/positions of grain boundaries and defects in
polycrystalline films.
The effect of adsorbed gas analytes was then studied with the

benefit of our controlled gas chamber setup. Thermal
conductivity of the ZIF-8 film was observed to change by less
than a percent in the presence and absence of different gas

Figure 1. 3ω technique for thin-film thermal conductivity measure-
ment. (a) Schematic illustration for differential measurement of cross-
plane thermal conductivity. (b) Real measurement device where the
thermometer and resistor heater are used to determine temperature
coefficient dR/RdT of the filaments.

Figure 2. Morphology of ZIF-8 film. (a) Cross-sectional SEM images
of as-grown ZIF-8 thin film. (b) Optical profiler image of the
processed sample showing the photolithography pattern on ZIF-8 film
with measurement contacts, where the filament with the best
microscopic morphology is picked for gold-wire contact and final
measurement. This image comprises four images stitched together. (c)
X-ray diffraction patterns of ZIF-8 thin films during the study cycle
(numbered 1−3 in black) compared with simulation result (numbered
0 in gray), where in the inset the peaks at 2θ > 8° are rescaled in
amplitude for better visibility. The peak at 2θ ≈ 38.2° comes from the
gold contacts after photolithographic processing.
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analytes. The thermal conductivity results of ZIF-8 films are
shown in Figure 4(a) for C6F14 (blue) and N2 (gray)
environments as compared to ambient air (Pgauge = 1 atm)
and house vacuum (Pgauge = 0.02 atm) measurements. As shown
for the C6F14 ambient pressure (Figure 4a, blue) the lowest
thermal conductivity occurs in vacuum. As the gas pressure of
C6F14 increases to its vapor pressure the thermal conductivity of
the ZIF-8 thin film only slightly increases by ∼1% despite
appreciable adsorption of C6F14 to the MOF surface at these
relative pressures as indicated by a C6F14 isotherm. (See the
Supporting Information, Section 4, for isotherm results.)
Interestingly, when the thin films were re-exposed to nitrogen
atmosphere (gray) from vacuum, the thermal conductivities
exhibited a similar trend to the films that were exposed to
perfluorohexane vapor (Pgauge = 0.28 atm, blue). Unlike C6F14,
N2 adsorption is rather negligible at room temperature (2.5
cm3/g; ∼0.6% total capacity). The observed shallow linear N2
uptake (Supporting Information, Section 4) is consistent with
the sorbate’s miniscule molecular polarizability and, therefore,
weak van der Waals interaction with the framework. (In
contrast, at low temperature, significant physisorption of N2 is
possible. For a bulk ZIF-8 sample prepared in our lab, N2

uptake at T = 77 K culminates in pore saturation at 437 cm3/g.
See the Supporting Information for isotherm.)
The pressure study can be modeled equivalently in terms of

number of molecules per ZIF-8 unit cell. Figure 4b converts the
pressure-dependent thermal conductivity result in Figure 4a to
the molecule density scale using the isotherm results in Section
4 of the Supporting Information. In our measurement results
(blue), C6F14 has an approximate density of D = 1.4 C6F14
molecules per ZIF-8 pore (or 2.8 per unit cell) as estimated
from the corresponding isotherm data in the Supporting
Information. However, this saturated amount of C6F14 inside
ZIF-8 seems to neither hinder heat transfer by phonon
scattering with host lattice, nor enhance the thermal transport
through gas molecules in voids, unlike the predicted
decreasing12 or increasing13 trend in prior simulations on
other MOFs with different adsorbed gases (black symbols and
gray shaded guides to the eye in Figure 4b). While surprising, it
is possible that the proposed13 enhancement in lattice thermal
conductivity due to the additional heat transfer channels
provided from the adsorbed gas molecules, may be minimal for
C6F14, which has a very low thermal conductivity (κliquid = 0.056
W/m·K)23 in comparison to other fuel gases such as
hydrogen24 (κgas = 0.18 W/m·K). Note that even for hydrogen,
the thermal conductivity of MOF with adsorbed hydrogen does
not show significant increase below a certain uptake threshold
(D = 4 molecules per unit cell) according to prior
simulations.12,13 On the other hand, in comparison to CH4,
the heavier gas molecule C6F14 is more likely to induce phonon
scattering effects than CH4. However, in contrast to predictions
in the Babei et al.’s simulations, any scattering effects from
C6F14 do not seem to affect the thermal conductivity of ZIF-8.
In conclusion, the thermal conductivity of ZIF-8 was

measured experimentally for the first time with thin film
studies. Additionally, we demonstrated a way to conduct in situ
measurements at room temperature under different gases and
pressures. The results show reproducibility among samples, and
vacuum thermal conductivity compare favorably to prior
simulation studies on MOFs. From the series of gas adsorption
tests investigated, ZIF-8 thin-film thermal conductivity is
slightly lower in vacuum than that in air by about 1%, but
generally independent of the presence of gas molecules

Figure 3. 3ω data of ZIF-8 thin film in air at room temperature.

Figure 4. (a) Measured thermal conductivity of ZIF-8 thin film during the gas tests in N2 and C6F14. The error bars are derived from the statistical
standard deviation of 3ω voltage at various frequencies between f = 100 and 4000 Hz. The measurements were taken at least 3 min after stabilizing at
each partial pressure to make sure that the adsorption amount was steady (see the Supporting Information, Section 4, for the figure of C6F14 uptake
kinetics in ZIF-8). (b) Comparison of the experimental pressure-dependent thermal conductivity of this work (blue) with prior simulation12,13

(black), with guides to the eye (gray) to illustrate trends.
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regardless of the quantity adsorbed by the MOF up to
atmospheric pressure. Although the thermal conductivity in
ZIF-8 is relatively unaffected by adsorbed gases and vapors, it is
possible that such an effect might be more pronounced at
higher pressures and with more thermally conductive sorbates.
This technique demonstrates a viable pathway for obtaining
MOF thermal conductivities to probe these effects in future
studies.
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ZIF-8 Based Fabry-Peŕot Device as a Selective Sensor for Chemical
Vapors and Gases. J. Am. Chem. Soc. 2010, 132 (23), 7832−7833.
(19) Cahill, D. G. Thermal Conductivity Measurement from 30 to
750 K: 3w Method. Rev. Sci. Instrum. 1990, 61 (2), 802−808.

ACS Applied Materials & Interfaces Letter

DOI: 10.1021/acsami.7b06662
ACS Appl. Mater. Interfaces 2017, 9, 28139−28143

28142
DISTRIBUTION A: Distribution approved for public release

http://pubs.acs.org/
http://pubs.acs.org/doi/abs/10.1021/acsami.7b06662
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b06662/suppl_file/am7b06662_si_001.pdf
mailto:mgrayson@eecs.northwestern.edu
http://orcid.org/0000-0001-7318-5761
http://orcid.org/0000-0002-6977-3445
http://orcid.org/0000-0002-9904-9845
http://orcid.org/0000-0003-3982-9812
http://dx.doi.org/10.1021/acsami.7b06662


(20) Cahill, D. G.; Katiyar, M.; Abelson, J. R. Thermal Conductivity
of a-Si:H Thin Films. Phys. Rev. B: Condens. Matter Mater. Phys. 1994,
50 (9), 6077−6082.
(21) Zhang, H.; Liu, D.; Yao, Y.; Zhang, B.; Lin, Y. S. Stability of ZIF-
8 Membranes and Crystalline Powders in Water at Room Temper-
ature. J. Membr. Sci. 2015, 485, 103−111.
(22) Liu, X.; Li, Y.; Ban, Y.; Peng, Y.; Jin, H.; Bux, H.; Xu, L.; Caro, J.;
Yang, W. Improvement of Hydrothermal Stability of Zeolitic
Imidazolate Frameworks. Chem. Commun. 2013, 49 (80), 9140−9142.
(23) Yang, B.; Han, Z. H. Thermal Conductivity Enhancement in
Water-in-FC72 Nanoemulsion Fluids. Appl. Phys. Lett. 2006, 88,
261914.
(24) Saxena, S. C.; Saxena, V. K. Thermal Conductivity Data for
Hydrogen and Deuterium in the Range 100−1100 °C. J. Phys. A: Gen.
Phys. 1970, 3 (3), 309−320.

ACS Applied Materials & Interfaces Letter

DOI: 10.1021/acsami.7b06662
ACS Appl. Mater. Interfaces 2017, 9, 28139−28143

28143
DISTRIBUTION A: Distribution approved for public release

http://dx.doi.org/10.1021/acsami.7b06662


U.S. WORKSHOP ON PHYSICS AND CHEMISTRY OF II-VI MATERIALS 2017

Analysis of Carrier Transport in n-Type Hg1�xCdxTe with
Ultra-Low Doping Concentration

JUSTIN EASLEY ,1,2,5 ERDEM ARKUN,3 BOYA CUI,4

MICHAEL CARMODY,3 LINTAO PENG,4 MATTHEW GRAYSON,4

and JAMIE PHILLIPS1

1.—Department of Electrical Engineering and Computer Science, University of Michigan, Ann
Arbor, MI 48109, USA. 2.—Applied Physics Program, University of Michigan, Ann Arbor,
MI 48109, USA. 3.—Teledyne Imaging Sensors, Camarillo, CA 93012, USA. 4.—Department of
Electrical Engineering and Computer Science, Northwestern University, Evanston, IL 60208,
USA. 5.—e-mail: jleasley@umich.edu

Mercury cadmium telluride (HgCdTe, or MCT) with low n-type indium doping
concentration offers a means for obtaining high performance infrared detec-
tors. Characterizing carrier transport in materials with ultra low doping
(ND = 1014 cm�3 and lower), and multi-layer material structures designed for
infrared detector devices, is particularly challenging using traditional meth-
ods. In this work, Hall effect measurements with a swept B-field were used in
conjunction with a multi-carrier fitting procedure and Fourier-domain
mobility spectrum analysis to analyze multi-layered MCT samples. Low
temperature measurements (77 K) were able to identify multiple carrier
species, including an epitaxial layer (x = 0.2195) with n-type carrier concen-
tration of n = 1 9 1014 cm�3 and electron mobility of l = 280000 cm2/Vs. The
extracted electron mobility matches or exceeds prior empirical models for
MCT, illustrating the outstanding material quality achievable using current
epitaxial growth methods, and motivating further study to revisit previously
published material parameters for MCT carrier transport. The high material
quality is further demonstrated via observation of the quantum Hall effect at
low temperature (5 K and below).

Key words: Mercury cadmium telluride, HgCdTe, magnetotransport, multi-
carrier fitting, low doping, Fourier-domain mobility spectrum
analysis

INTRODUCTION

Mercury cadmium telluride (HgCdTe, or MCT) is
an important material used in high-performance
infrared (IR) detectors and devices.1 The bandgap of
MCT ranges from 0 eV to 1.5 eV, making it ideal for
optical absorption at a wide range of IR wave-
lengths. A significant challenge for IR detection,
especially at longer wavelengths and smaller band-
gap energy, is the requirement to operate at cryo-
genic temperatures to suppress thermally

generated dark current. For long wavelength IR
(LWIR, 8–14 lm) detection in n-type MCT, the
primary source of dark current is Auger 1 genera-
tion and recombination.2 Achieving low carrier
density in the absorber layer in a detector structure
is therefore critical for minimizing Auger processes
that limit dark current, which may be accomplished
using ultra low doping (1014 cm�3 or lower) in both
conventional p–n junction architectures and designs
using a non-equilibrium operation to achieve Auger
suppression.3–5 In these detector structures, it is
desirable to define absorber layers (n � 1013/1014

cm�3) with doping concentration that is orders of
magnitude lower than the surrounding layers in the
device (n � 1015 cm�3 or higher). The ability to
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measure and interpret carrier transport properties
in multi-layer MCT structures containing ultra-low
doping is important in the design and interpretation
of advanced detector devices.6

The ability to extract carrier information from
complex structures using the Hall effect method
with swept B-field and the multi-carrier fit (MCF)
procedure has been previously demonstrated.7 The
drawback to this procedure is that it requires an
assumption of the number and type of carrier
species present in the device. The concentration of
carriers was estimated from a bulk-doping assump-
tion of the layer structure of the device. The
possibility of any surface/interface carriers or layers
with multiple carriers was not considered. Mobility
spectrum analysis has been previously demon-
strated as an effective analysis technique in mea-
suring multiple carrier species in MCT.8–10 The
mobility spectrum analysis technique was originally
developed by Beck and Anderson,11 who were able
to calculate an envelope function that gave an upper
bound to the mobility spectrum. Updated algo-
rithms (such as i-QMSA) were developed that fit
data using an iterative method designed to mini-
mize overall error.12,13 In this work, Fourier-domain
mobility spectrum analysis (FMSA), developed by
Cui et al. at Northwestern University,14,15 was
used. FMSA offers advantages over traditional
QMSA by converging in fewer iteration steps with
simpler code, more accurate linewidths and lower
computational costs. This technique, used in con-
junction with MCF, gives information about the
carrier species, allowing for a more detailed under-
standing of the transport dynamics in complex
material structures.

EXPERIMENT

High quality MCT layers were grown by molecu-
lar beam epitaxy (MBE) at Teledyne Imaging
Sensors using the standard double-layer planar
heterojunction (DLPH) structure depicted in
Fig. 1. Epitaxial layers were doped in situ n-type
with indium, followed by a Hg vapor anneal post-
growth to remove Hg vacancies. Hall bar devices
were fabricated using photolithography, wet etch-
ing, and Ti/Au electrical contacts. Hall effect param-
eters (longitudinal resistivity and Hall voltage)
were measured using two systems: the Dynacool
Physical Property Measurement System (PPMS) at
the University of Michigan, and the Cryogenics
Limited Cryogen-Free Measurement System
(CFMS) at Northwestern University. Between the
two systems, variable magnetic-field measurements
were conducted at fields ranging from B = 0–16 T,
and temperature measurements range from T = 500
mK to 300 K.

Conductivity tensor components were calculated
by first measuring values for resistivity and Hall
voltage. These were converted into sheet compo-
nents (sheet resistance, RS, and sheet Hall

coefficient, RH) using the sample thickness, d.
Expressions for the conductivity tensor are given
by Eqs. 1 and 2

rxxðBÞ ¼
Rs

B2R2
H þR2

S

; ð1Þ

rxyðBÞ ¼
BRH

B2R2
H þR2

S

; ð2Þ

where B is the magnetic field.
Multiple analysis techniques were employed to fit

the conductivity tensor components and extract
carrier transport information. Fourier-domain
mobility spectrum analysis (FMSA) was used in
conjunction with the multi-carrier fit (MCF) proce-
dure to get a more complete picture of relevant
carrier species. FMSA iterates to fit the conductivity
tensor components to Eqs. 3 and 4

rxxðBjÞ ¼
Xm

i

Aij
xx spðliÞ þ snðliÞ
� �

; ð3Þ

rxyðBjÞ ¼
Xm

i

Aij
xy spðliÞ � snðliÞ
� �

; ð4Þ

where Bj are the discrete magnetic field values, and
li are a series of mobility values used to create a
mobility spectrum. The values Aij, sp, and sn are
given by Eqs. 5, 6, 7, and 8

Aij
xx ¼

1

1 þ ðliBjÞ2
; ð5Þ

Aij
xy ¼

liBj

1 þ ðliBjÞ2
; ð6Þ

spðliÞ ¼ piqli; ð7Þ

Fig. 1. Double layer planar heterojunction (DLPH) device structure.
The cap layer was etched away in these experiments.
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Fig. 2. Conductivity tensor versus magnetic field for a low doped
sample. Dashed lines show fit from FMSA. The error is expressed in
the inset as v2.

Fig. 3. Mobility spectrum for low doped samples at (a) T = 175 K
and (b) T = 77 K. Dashed lines indicate mobility values extracted
from the multi-carrier fitting procedure.

snðliÞ ¼ niqli; ð8Þ

where pi and ni are electron and hole carrier
densities at a given mobility value. The fitting
procedure is outlined in detail in Ref. 14. The
analysis results in a mobility spectrum with peaks
in either sp, or sn that correspond to carrier species.
MSA is robust in the fact that no prior knowledge of
carrier species is needed for the analysis, and no
trial function is required a priori.

The peaks in the mobility spectrum from FMSA
are then used as an initial guess in the MCF
procedure. MCF performs a least squares regression
to Eqs. 9 and 10, extracting ns (sheet carrier
density) and l (mobility) for the number of carriers
provided. Si is ± 1, for holes and electrons, and the
traditional carrier density, n, is calculated by divid-
ing the sheet density by the layer thickness, t.

rxxðBÞ ¼
Xm

i¼1

qli
1 þ ðliBÞ2

ð9Þ

rxyðBÞ ¼
Xm

i¼1

Si
qns;il2

i B

1 þ liBð Þ2
ð10Þ

RESULTS

Magnetotransport measurements were conducted
on samples with two layers present: a buffer layer
with a higher doping n-type level (target doping
ND = 1015 cm�3), and a low-doped n-type absorber
layer (target doping ND = 5 9 1013 cm�3). FMSA
was then applied to fit the measured rxx and rxy at
77 K (Fig. 2), where the computed mobility spec-
trum is displayed in Fig. 3. Conductivity peaks
corresponding to the electron conduction in the
buffer and absorber layers are observed as expected,

while some contribution from hole conduction is also
observed.

Several artifacts are evident in Fig. 3 that
deserve explicit mention. A large peak is visible at
106 cm2/Vs, present in all analyses regardless of
temperature. This peak is considered to be a
boundary-condition effect of the FMSA technique.
Smaller electron peaks are observed at mobilities
below 103 and around 105 cm2/Vs, however all peaks
below 10�6 S are ignored as they are orders of
magnitude smaller than the primary carriers. There
is also a low density/low mobility electron species
visible as well, but due to its low mobility it does not
contribute significantly to the overall conduction,
nor is it visible at higher temperatures, and it will
be disregarded for the MCF fits.

The carrier information gained from the FMSA
analysis is used as an initial guess for the MCF
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procedure. The results of that analysis are displayed
in Table I. Carriers are identified by comparing
77 K concentrations with extrinsic doping densities,
then correlating the temperature dependence of
each species. The electron densities are displayed as
volume densities, assuming uniform carrier distri-
bution over the corresponding layer thickness.
Layer thickness information is initially gathered
from growth data and verified using FTIR. The hole
density is reported as a sheet density, as there is
uncertainty in the spatial location, or whether the
holes are contained uniformly in a single layer. The
temperature dependence of the carrier density and
mobility are shown in Fig. 4a and b, respectively.
The carrier density closely follows the intrinsic
carrier concentration at 80 K and above, and
approaches the extrinsic doping level (4 9 1013)
asymptotically for temperatures below 80 K.

The mobility values were compared against two
mobility models, displayed in Fig. 5. The first is an
empirical model developed by Rosbeck16 (Eq. 11),

l ¼
9 � 108 0:2

x

� �7:5

Z2 0:2
xð Þ0:6 cm2=Vs; ð11Þ

Z ¼ T if T > 50 K; ð12Þ

Z ¼ 1:18 � 105

2600 � jT � 35j2:07
if T < 50 K; ð13Þ

where x is the cadmium fraction. The layers used to
develop the first model are bulk grown via liquid
phase epitaxy (LPE) with a variety of compositions,
and all have a doping level of approximately ND =
1015 cm�3. The measured mobility on the current
layers was higher than this empirical model, so a
comparison was also made between a first principles
model based on scattering theory.17 At 77 K, the
primary scattering mechanism is polar optical
phonon scattering (Eq. 14),

lPOP ¼ kBh
2m�

� �1
2

½expððc0Þ � 1�=F0; ð14Þ

where kBh = 0.0176 eV is the optical phonon energy,
c0 = h/T, and F0 = [eHF

�1� es
�1] m*qkBhp/e0h

2. Here,
eHF is the high frequency relative dielectric con-
stant, and es is the static relative dielectric constant.
Other relevant scattering mechanisms include
alloy, ionized impurity, and neutral impurity

scattering. Mobility values at 77 K (mea-
sured—2.8 9 105 cm2/Vs) are shown to be approach-
ing the predictions of this model (5.3 9 105 cm2/Vs),
indicating very high-quality material.

To further study material quality, Hall-effect
measurements were conducted at very low temper-
atures (down to T = 500 mK) on a similar, low-

Table I. Carrier density and mobility values extracted using the Van der Pauw technique (vdP), MCF, and
FMSA

77 K n1 (cm23) l1 (cm2/Vs) n2 (cm23) l2 (cm2/Vs) p (cm22) lp (cm2/Vs)

vdP 2 9 1015 23400 n/a n/a n/a n/a
FMSA 4 9 1015 11000 1 9 1014 150000 4.7 9 1011 1800
FMSA + MCF 4.17 9 1015 9000 1.43 9 1014 284000 1.06 9 1012 1100

Fig. 4. (a) Carrier density n versus reciprocal temperature T. (b)
Mobility l versus reciprocal temperature T.
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doped (ND = 4 9 1013 cm�3, similar buffer and
absorber layer thickness and composition) MCT
sample. A calculated band diagram for the material
structure is displayed in Fig. 6a, indicating electron
confinement at the absorber/buffer interface. In the
resulting two-dimensional electron gas (2DEG), the
allowed energy levels for electrons are quantized in
a magnetic field, indicating only certain allowed
Hall resistance values. These allowed values corre-
spond to plateaus in the Hall resistivity as a
function of magnetic field, where the Hall resistance
is quantized according to qxy = h/me2 indexed by the
Landau level, m.18 Measurements demonstrate
quantization of the Hall resistivity indicative of
the quantum Hall effect (Fig. 6b). This quantization
was clearly observable at temperatures as high at
5 K, and although no explicit quantum well struc-
ture was intended and no gate voltage was applied,
quantum confinement is inherent in the structure

as calculated at the interfaces in Fig. 6a. The onset
of quantum oscillations already around B = 1 T in
Fig. 6b indicates a mobility of order at least l � 1/
B = 1 m2/Vs = 10000 cm2/Vs, and illustrates the
excellent material quality and high crystalline
integrity of the interfaces, as defects and disorder
at the interface would degrade the mobility.

CONCLUSION

The carrier transport properties of MCT epilayers
were extracted using Hall effect B sweeps, in
conjunction with Fourier-domain mobility spectrum
analysis and the multi-carrier fitting procedure.
Low doping levels around ND = 1014 cm�3 are
displayed, as well as carrier mobility values that
exceed previous empirical calculations. Further
study of carrier transport mechanisms in MCT

Fig. 5. (a) Theoretical electron mobility values due to scattering from
polar optical phonons, alloy, and ionized impurities. (b) Comparison
of measured mobility to empirical and theoretical models. Fig. 6. (a) Calculated band structure at interface of buffer and ab-

sorber layers. (b) Measured resistance vs magnetic field at T = 500
mK.
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may be necessary to better understand these
extracted mobilities. At very low temperatures, the
quantum Hall effect is observed, indicating high
quality material, and low interface defect densities.
Future work will seek to correlate lower doping
levels and higher mobility with other material
parameters such as minority carrier lifetimes and
diffusion length, and potentially use these tech-
niques for analyzing p-type MCT.
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ABSTRACT: Modulation-doped III−V semiconductor nano-
wire (NW) heterostructures have recently emerged as
promising candidates to host high-mobility electron channels
for future high-frequency, low-energy transistor technologies.
The one-dimensional geometry of NWs also makes them
attractive for studying quantum confinement effects. Here, we
report correlated investigations into the discrete electronic
sub-band structure of confined electrons in the channel of Si δ-
doped GaAs−GaAs/AlAs core−superlattice NW heterostruc-
tures and the associated signatures in low-temperature
transport. On the basis of accurate structural and dopant
analysis using scanning transmission electron microscopy and atom probe tomography, we calculated the sub-band structure of
electrons confined in the NW core and employ a labeling system inspired by atomic orbital notation. Electron transport
measurements on top-gated NW transistors at cryogenic temperatures revealed signatures consistent with the depopulation of
the quasi-one-dimensional sub-bands, as well as confinement in zero-dimensional-like states due to an impurity-defined
background disorder potential. These findings are instructive toward reaching the ballistic transport regime in GaAs−AlGaAs
based NW systems.

KEYWORDS: Core−multishell heterostructure nanowires, modulation doping, low-dimensional electron transport, structural properties

Semiconductor nanowires (NWs) are well established as an
important platform for photonics and electronics research

due to the ability to grow material combinations not possible in
planar structures. In particular, the growth of complex radial
and axial heterostructures1,2 and the incorporation of III−V
materials directly on Si substrates3−5 has facilitated the
realization of various novel NW-based devices, including
high-performance lasers6 and transistors,7,8 as well as radial
and axial Esaki diodes and tunneling devices.9−11 In electronics,
the morphology of NWs lends them to fabrication of gate-all-
around and omega-gated field effect transistors (FETs) with
close to optimal channel coupling.12−16 This holds promise
both for deployment in high-frequency, low-energy transistors
for future technology17 as well as for strongly tuning quantum
confinement and studying quantum phenomena at cryogenic
temperatures.18−20 In this regard, there is significant interest in
exploiting quantum-confined NWs, for example, for the
generation and manipulation of Majorana Fermions,21

realization of ballistic transport,22−24 and enhancement of
thermoelectric conversion efficiency by exploiting the disconti-

nuity in the one-dimensional (1D) density of states.25−28 These
applications in general require high purity, high mobility
conduction channels to ensure coherent 1D transport.
Therefore, development and improvement of high-mobility
quantum confined charge carrier systems in NWs is an
important goal for ongoing quantum electronics research.
One of the most popular materials systems for high mobility

quantum transport are modulation-doped GaAs−AlGaAs
heterostructures.29 The improved mobility brought by
separating the two-dimensional conduction channel from the
dopants has enabled many ground-breaking discoveries in low-
dimensional condensed matter physics.30,31 In conventional
planar heterostructures, quantized conductance has been
realized from high-mobility two-dimensional electron gases
(2DEG) either by electrostatically defined quantum point
contacts32 or “T-shaped” quantum wells via cleaved-edge
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overgrowth.33 More recently, attention has turned to adapting
the modulation-doping technique to core−shell GaAs−AlGaAs
NWs due to the proposed formation of high mobility quasi-1D
channels.8,34−40 To date, most experimental efforts have aimed
at demonstrating carrier mobility enhancement using modu-
lation-doping schemes8,38,40 as well as testing room-temper-
ature transistor performance.8,41 In contrast, exploration of low-
temperature quantum transport and correlations with the
electronic sub-band structure as necessary for the development
of quasi-1D conduction channels has remained largely
unexplored.
In this Letter, we report the low-temperature transport

properties of novel Si δ-doped GaAs−AlAs core−superlattice
NW heterostructures and correlate transport signatures with
discrete electronic sub-bands in the conduction channel. In
particular, we observed characteristic 1D-like conductance
plateaus and show that the plateau heights directly correlate
with single and double degenerate sub-band levels generated by
the rotational hexagonal symmetry of the NW. Our
investigations also provide insights into additional zero-
dimensional (0D)-like confinement arising from disorder
potentials due to background impurities. High-resolution
structural analysis of the grown superlattice structure and Si
δ-dopant incorporation (placement and density) using scanning
transmission electron microscopy (STEM) combined with
energy dispersive X-ray spectrometry (EDXS) and atom probe
tomography (APT) enabled accurate simulations for compar-
ison with experiments.
A representative cross-section of the investigated NW

structure is illustrated in Figure 1a. The device design is similar

to that of a previously reported GaAs−AlGaAs core−shell NW-
FET structure8 but here an improved shell structure and doping
scheme were employed. In particular, we used a short-period
GaAs-AlAs superlattice (SL) structure radially grown around
the GaAs NW core where one single GaAs quantum well (QW)
within the SL hosts the Si δ-doping layer. Similar to
conventional modulation doping of ternary AlGaAs shell
layers,8 the ionized Si dopants induce a free electron gas
confined in the NW core. The overall two-dimensional electron
density distribution map is shown in Figure 1b, and details of
the electron density calculations and associated conduction
band profile are further described below and in the Supporting
Information. The first advantage of selective doping of a narrow
GaAs QW within short-period SLs is preventing the formation
of deep trap states (so-called DX centers) that arise in ternary
AlxGa1−xAs for x(Al) > 0.22.42,43 DX-centers in planar
modulation doped structures are thought to be responsible
for undesired persistent photoconductivity effects, gate
instability and charge noise. A second benefit is that the
superlattice is expected to reduce alloy disorder scattering
relative to the ternary AlxGa1−xAs and further smoothen
potential fluctuations of proximal ionized Si dopants, thereby
increasing electron mobility.44,45

The modified Si δ-doped GaAs-(AlAs/GaAs) core−shell
NW heterostructures were grown on prepatterned SiO2/
Si(111) substrates via a two-step growth process using
molecular beam epitaxy (MBE). In the first step, vertical
[111]-oriented GaAs NWs were grown to a length of ∼8 (±1)
μm using a self-catalyzed vapor−liquid−solid (VLS) growth
process at a temperature of 630 °C.46 Under the given growth

Figure 1. (a) Cross-sectional schematic of the gated Si δ-doped GaAs−GaAs/AlAs core−superlattice NW heterostructure in a field effect transistor
geometry using omega-shaped Schottky-type gates. (b) Free electron density distribution in the NW core as obtained from self-consistent
Schrödinger-Poisson solutions for T = 4.2K and zero gate bias. (c) STEM-HAADF image of the relevant inner NW-core/SL-shell region as obtained
from a reference sample. (d) Corresponding APT elemental map (left) and proximity histogram (right) of the Al- and Ga-molar fractions and Si
dopant distribution as recorded radially along one of the major {1-10} directions. The core−shell interface is at r = 0 nm. The color code in the APT
elemental map correspond to those presented in the histogram (Ga, purple; Al, green; Si, red). To ensure that the Si dopants are within the finite
field-of-view of the APT measurement, the Si-dopants were placed in the second innermost GaAs QW of an APT reference structure grown without
the thick AlGaAs barrier and with a reduced number of superlattice layers.
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process, the NWs are slightly tapered.44 In the second growth
step, we employed a lower growth temperature (490 °C) and
higher V/III flux ratio to induce predominantly radial growth
along the {1-10} sidewall facets.47 The NW core was directly
overgrown by a short-period GaAs-AlAs SL (seven periods)
where the respective layer thicknesses were precisely tuned to
eight monolayers (3.2 nm) of GaAs and three monolayers (1.2
nm) of AlAs. This specific SL structure provides miniband
ground states in the Γ conduction band (CB) that closely
mimic the band edges of a ternary AlGaAs layer with an Al-
content of x(Al) = 0.15. Details on the miniband formation as
obtained from band profile simulations using the nextnano++
device simulator48 are given in the Supporting Information.
The Si δ-doping layer was introduced in the center of the fifth
GaAs QW away from the NW core by means of a growth
interruption and a supply of Si dopants for 10 min. This yielded
a spacer layer with effective thickness of 20 nm between the
core−shell interface and the dopant layer. Surrounding the
GaAs−AlAs SL, a 54 nm thick ternary AlxGa1−xAs barrier with
x(Al) = 0.15 was grown to match the shell thicknesses of
previous ternary-only NW core−shell heterostructures.8 A 5
nm GaAs capping layer was added to prevent oxidation. We
also grew a reference sample for correlated APT and STEM
analysis in order to study the composition and dopant
distribution in the relevant region of interest. The reference
sample was grown without the thick AlGaAs barrier due to the
limited field of view in APT. Similarly, the SL was reduced to
five periods and the Si δ-doped layer was placed in the second
innermost GaAs QW.
A representative STEM-high-angle annular dark-field

(HAADF) image of a cross-sectional lamella fabricated from
the NW reference sample is shown in Figure 1c. The Z-contrast
of the STEM image appears to reproduce the nominal NW-
core and radial SL structure fairly well with a core diameter of d
∼ 40−50 nm and thicknesses of the alternating SL layers of
(3.6 ± 0.7) nm for GaAs (bright layers) and (1.5 ± 0.1) nm for
AlAs (dark layers), as measured along the major {1-10} sidewall
orientations. EDXS measurements of the SL structure reveals
that the individual layers are not completely pure GaAs and
AlAs. In particular, the GaAs layers contain a low Al-molar
fraction of x(Al) ∼ 0.07 ± 0.03, while the ultrathin AlAs layers
exhibit much higher Ga-molar fraction up to 0.60 ± 0.05
representing rather Al(Ga)As barriers. The origin of the
unexpectedly high Ga-molar fraction in these Al(Ga)As layers
is not fully clear but may be due to intermixing effects, artifacts
arising from sample preparation using a Ga+ focused ion beam,
and/or instabilities of the electron probe during spectrum
acquisition. The SL structure and the deviations from the
nominal composition are also observed in the end-view APT
map and associated APT line scan of the Ga- and Al-molar
fractions taken along the {1-10} orientation (Figure 1d). We
note, however, that due to instrumental broadening in APT the
actual variation of the Al-molar fraction in the Al(Ga)As barrier
layers is likely to be larger than shown in Figure 1d. The
broadening effects are also directly seen in the increased Al(Ga)
As barrier thickness in APT as compared to the STEM data.
Moreover, both the APT and STEM-HAADF-EDXS data show
that the Al-molar fraction and the respective barrier thickness is
increased in the six equivalent {11-2}-oriented corner facets of
the Al(Ga)As layers (see Supporting Information). This
observation is expected in Al-rich ternary III−V materi-
als8,47,49 due to different surface diffusivities of Al and Ga
adatoms on the nonplanar sidewall surfaces. Importantly,

Figure 1d plots the Si dopant distribution, showing that the
intentional Si dopants are well confined within the second
GaAs QW away from the core−shell interface. The peak Si
concentration from δ-doping the {1-10} growth facets is ∼7 ×
1019 cm−3. The measured Si concentration was directly used as
an input parameter for the free electron density calculation
shown in Figure 1b as well as for the following electronic
structure calculations.
A Hartree solver (nextnano++)48 was used to obtain self-

consistent solutions of the Schrödinger-Poisson equation while
fully modeling the hexagonal NW geometry under the
measured doping density. Figure 2a shows simulations of the
radial electron density distribution and energy level spacing for
the discrete sub-bands that arise due to the confinement in the
NW core. A total of five discrete occupied energies below the
Fermi edge are observed for a NW diameter d = 42 nm. The
existence of the 1D sub-bands and the shape of the electron
density depends intimately on both the existence of the δ-
doping layer as well as the confinement from the narrow core.
This is evident from the fact that increasing either the diameter
d or doping density35 increases the number of occupied states
and that increasing d also reduces the energetic spacing of the
states. We show the diameter dependence of sub-band energies
as well as a detailed study of electron distributions for NW
diameter d = 53 nm under equivalent doping density in the
Supporting Information. Our simulations using a realistic
hexagonal NW geometry allow us to further comment on the
wave functions in more detail. In particular, we can describe the
levels in terms of the familiar atomic orbital notation because
the wave function symmetry is essentially related to the angular
momentum, l. With the angular momentum vector fixed to the
nanowire axis, the total angular momentum l can have a z-
component projected either along or opposite to the nanowire
axis, ml = ± l. Thus, the degeneracy of the states is g = 1 for l =
0 and g = 2 for all l ≠ 0. This result is consistent with the
degenerate second/third and fourth/fifth sub-bands observed in
previous simulations of cylindrical nanowires.50−52 Note that
because the Hartree solver generates purely real solutions to the
2D nanowire cross-section, the electron density maps plotted in
Figure 2 are the symmetric and antisymmetric linear
combinations |S⟩ ∼ |l, m⟩ + |l, −m⟩ and |A⟩ ∼ |l, + m⟩ − |l,
−m⟩ of the angular momentum states. The corresponding
amplitudes of the single-particle wave functions of these
discrete states are shown in the Supporting Information,
confirming that the nodal planes are sign changes of the wave
function.
Under the atomic orbital convention the state lowest in

energy at E − EF = −25.5 meV is classified as an s-like state (l =
0) as it simply reproduces the underlying hexagonal NW
confinement potential. The associated radial symmetry means
this state has only one magnetic quantum number ml = 0. The
next states higher in energy are doubly degenerate and are
classified as p-like states (l = 1) with even and odd reflection
symmetry about the x-axis. Analyzing the angular nodal profile
gives nodal planes at x = 0 (|px⟩ = 1,1⟩ + |1,−1⟩), and at y = 0 (|
py⟩ = |1,1⟩ − |1,−1⟩). Further degenerate states are classified as
d-like (l = 2) and f-like (l = 3) states. Although the degenerate
states separately lack hexagonal symmetry, when the charge
densities are added together, they reproduce nicely the
hexagonal symmetry of the NW confinement potential.
Importantly, we observe a lifted degeneracy for the f-like
states. The fact that this would not be observed if modeling a
cylinder50 illustrates the importance of modeling the realistic

Nano Letters Letter

DOI: 10.1021/acs.nanolett.7b01732
Nano Lett. 2017, 17, 4886−4893

4888
DISTRIBUTION A: Distribution approved for public release

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b01732/suppl_file/nl7b01732_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b01732/suppl_file/nl7b01732_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b01732/suppl_file/nl7b01732_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b01732/suppl_file/nl7b01732_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.7b01732


hexagonal NW structure. Note that the second f-like state is
unoccupied for the modeled core diameter of d = 42 nm and
thus not shown in Figure 2, while it is occupied for larger
diameter NWs (see Supporting Information).
Overall, each set of states produces a slightly different spatial

confinement of the electron density in the NW. For example,
comparing the sum of both d-like states to the sum of both p-
like states shows that the electron density for the former is
slightly more confined at the core−shell interface and in the
corner facets. Higher energy discrete states are characterized by
higher radial quantum number n. Such states with n ≥ 1 can be
assigned by counting the number of radial nodes at which the
sign of the wave function changes between the center of the
NW core and core−shell interface (see also amplitude profiles
of single-particle wave functions in the Supporting Informa-
tion). The n = 1 state with the lowest energy (E − EF slightly
below 0) is the 1s-like state, which also exhibits the intrinsic
hexagonal symmetry of the NW. Continuing higher in energy,
the next possible states are not occupied, and therefore not
shown here, because they lie above the Fermi edge. It is also
interesting to note that the selection rule for atomic orbitals l <
n does not apply for the electronic NW states, because the first
orbital shell (n = 0) already features occupied angular
momentum states up to l = 3 (f-like states) and even higher l
for larger core diameters (see the Supporting Information).
An important conceptual note is that each electron density

cross-section plot represents a single, continuous wavefunction.
The hexagonally symmetric confinement potential generated by
the combination of the core radius and doping scheme has
dimensions comparable to the electron wavelength, so each
sub-band consists of a 1D mode that propagates in the
direction of the NW axis. In particular, the presence of local
maxima at the NW corners does not indicate the presence of six
independent 1D channels. Rather, these are local maxima and
minima of a single mode in the underlying hexagonal
confinement potential. Prior to this work, the hexagonally

distributed nature of these individual subbands had not bee
considered.22,27,50−52,55

Figure 2b shows how these 1D-confined states influence
electrical transport characteristics assuming an ideal ballistic
conducting channel where the carrier density is modulated by
an external electric field E. The applied source-drain bias VSD =
2 mV was chosen to be smaller than the energetic separation
between any two adjacent levels. Further details regarding the
simulations are described in the Supporting Information. The
conductance G consists of steps between constant plateaus as
the Fermi level passes through each discrete 1D sub-band. The
first plateau occurs at G0 = 2e2/h as for traditional one-
dimensional systems. Importantly, however, no plateaus exist at
2 × 2e2/h and 4 × 2e2/h due to the rotational hexagonal
symmetry of the NW and the associated degeneracy of the
second and third states. Instead, the plateaus at 3 × 2e2/h and 5
× 2e2/h have a plateau width roughly twice as wide as the singly
degenerate plateaus, because the density of two sub-bands must
be depleted. Below we directly confirm by experiment that
plateaus associated with the two doubly degenerate levels
indeed have step heights twice as high as the other plateaus.
We fabricated NW-FET devices to enable the gate-

dependent study of quantum confinement features at cryogenic
temperatures T ∼ 4.2 K. Details regarding device fabrication are
illustrated in the Supporting Information. The device shown in
Figure 3a features four ohmic contacts (AuGe/Ni/Ti/Au) and
three Schottky-type gates (Ti/Au with lengths ∼350−400 nm)
along the NW to enable spatially resolved correlation of
structural and electronic properties.8 This is particularly
important because quantum confined electron transport in
NWs is strongly dependent on structural factors such as
stacking faults (SF), twin defects and other impurities.53

Similarly, the proximity to the conduction channel makes
electron transport highly sensitive to impurities at the surface,
interfaces and in the substrate.51,54−57 Taken together, this has
long made experimentally observing robust ballistic one-

Figure 2. (a) Calculated energy spectrum of discrete electronic states of the confined electron gas within the radial Si δ-doped GaAs−GaAs/AlAs
core−superlattice NW heterostructure. Each plot shows the 2D electron density distribution inside the NW core as obtained for T = 4.2 K and core-
diameter d = 42 nm. The five individual states below the Fermi edge, EF = 0 eV, are classified according to atomic orbital notation (labeled as nlf(x,y))
due to their radial dependence and angular symmetry. The dotted red lines correspond to the angular nodal planes given by f(x,y) = 0 which can be
related to magnetic quantum numbers ml = ±l via the angular part of the spherical harmonics. Energetically degenerate states are added up to
demonstrate that each energy level reproduces the underlying hexagonal symmetry of the NW confinement potential. (b) Simulated transport
properties assuming ballistic transport in one-dimensional modes under a fixed source-drain voltage VSD = 2 mV. An external electric field E reduces
the conductance G in discrete steps in integer multiples of G0 = 2e2/h. The double degeneracy of the second and third state results in no plateaus at
G = 2 × 2e2/h and 4 × 2e2/h.
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dimensional transport in NW devices problematic54,55 and
typically requires extensive optimization of the surfaces/
interfaces and short gate lengths.51,52 We expect the influence
of surface states to be limited due to the separation between the
conduction channel and surface in our modulation doped
devices. This assumption is reasonable given the near-ideal
subthreshold swing with negligible gate hysteresis previously
reported in similar NW-devices.8 However, alloy fluctuations58

and the inevitable random background charged impurities
create random fluctuations in the scattering potential that
become more influential upon cool-down to T = 4.2 K. The
magnitude and spatial distribution of potential fluctuations
change on each cool-down and can be made to evolve further
under the influence of the gate electric field.19

Figure 3b−d outlines three distinct transport regimes
typically observed in the G versus VG characteristic at T =
4.2 K with applied alternating current (ac) excitation of
amplitude VSD = 2 mV (see Supporting Information for
measurement techniques and details on estimating G). Each
regime can be linked to a particular form of the background
scattering potential, highlighting the decisive role this plays in
nanowire transport properties. First, Figure 3b illustrates the
“classical” regime whereby the electron density was smoothly
depleted and G showed no quantum confinement features. This
likely arose from a high density of scattering centers “washing
out” 1D and 0D features. Indeed, this trace was taken on an end
section of the NW under gate “a”, where previous structural
analysis of NWs grown under the same conditions identified a
very high stacking fault density (∼40 SF/μm).8 The GaAs core

diameter at this end section was d ∼ 42 nm, as derived from
height profiling using atomic force microscopy. While
simulations in Figure 2 suggested that quantum confinement
should be present at this diameter, the relatively high defect
density likely prevented ballistic transport in quantum confined
modes due to enhanced scattering.
By contrast, probing the central section of the NW under

gate “b” indicated distinct quantum confinement features
(Figure 3c,d), enabled by the much lower defect density8 in
this region and likely thinner core diameter due to slightly
tapered NW core growth. Data obtained from two separate
cool downs highlight the second and third characteristic
transport regimes, as seen in Figure 3c,d, respectively. For the
cooldown shown in Figure 3c, G versus VG consisted of step/
plateau features similar to those generated by the simulations in
Figure 2b. Importantly, the data shows that plateaus associated
with the two doubly degenerate levels feature step heights twice
as high as the other plateaus. The major difference with respect
to simulated data is that the G plateaus occurred at values less
than integer multiples of 2e2/h. This is unsurprising because we
expect significant scattering and the long gate lengths (∼400
nm) to substantially lower the transmission probability and
prevent ballistic transport.50,51 Modifying the simulation to
incorporate a lower transmission probability (∼0.006) brings
the simulated step-heights into excellent agreement with the
experimental values. The observation of discrete steps with
lower transmission probability suggests that electron transport
for this measurement occurred via diffusive one-dimensional
modes. Transport in diffusive 1D modes with a similar
transmission probability has been also reported in InAs NW
devices with long channel lengths.50 A second contribution to
the low G value may arise from our method used to subtract the
contact resistance, which necessarily results in a low-bound
estimate for the channel conductance (see Supporting
Information). Furthermore, we observe a slight deviation
between experiment and simulation in terms of the energy
level spacing, that is, plateau width. This may be due to, for
example, variations in the gate-channel coupling between
different sub-bands, or a residual influence from quantum
dot-like states that we describe below. Such uncertainties mean
that direct comparisons between experiment and simulation in
the nanowire literature have been limited mostly to the first two
plateaus.50,51,55

The third transport regime (Figure 3d) highlights the strong
influence of the random background potential has on the ability
to resolve the one-dimensional modes. The trace in Figure 3d
was taken on the same segment of the same NW as in Figure 3c
but on a separate cool-down where statistical fluctuations in the
occupation of nearby impurity states is expected to alter the
charge background.59 Rather than the stepwise sub-band
depopulation observed in Figure 3c, Figure 3d shows additional
superimposed Coulomb blockade-like resonances with most
pronounced features occurring near VG = −0.60 V and VG =
−0.55 V. This behavior is characteristic of transport consisting
of 1D propagating modes weakly coupled to quantum dot-like
states. It is typically observed for NWs when transport is
dominated by a number of strong scattering centers19,26,54 and
is similar to the stochastic Coulomb blockade effect.60,61 Given
their random nature, these transport signatures likely do not
arise from permanent structural features, such as stacking faults.
Rather, we suggest a small number of charge traps in the
vicinity of the conduction channel were responsible for the
observed behavior. The randomized occupation of these traps

Figure 3. (a) Color-coded atomic force micrograph of representative
NWFET used for (b,c) low-temperature measurements of con-
ductance G versus gate voltage VG conducted at T = 4.2 K and VSD = 2
mV. The NWFET in (a) features four AuGe-based ohmic contacts
(yellow) and three Ti/Au Schottky-type gates (orange) that were used
to correlate structural/electronic properties along the NW length
(blue). The scale bar represents 2 μm. (b) Applied VG to gate “a”
typically resulted in smooth depletion without quantum-confined
features, likely due to the high stacking fault density and larger core
diameter in this region. (c) The comparatively low defect density
underneath gate “b” enabled diffusive 1D transport with the G reduced
in discrete steps of G′0 = 0.006G0. Note the good agreement in plateau
height between the experimental data (black solid trace) and simulated
data (blue dashed trace). (d) Transport obtained from the same gate
“b” under a separate cool-down. The data consist of Coulomb
blockade resonances superposed on the trace, which suggests a strong
influence from randomly positioned impurity charges.
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on each cool-down produced a background disorder potential
that determined the resulting electron transport signatures.19

Finally, an instructive way to probe the relative influence of
the 0D and 1D confinement is to use temperature, because the
ability to observe the confinement depends on the magnitude
of the confinement energy relative to the thermal energy ∼kBT.
We demonstrate this using a second device, again measuring
the segment under gate “b”. Figure 4a−d shows G vs VG traces
taken at T = 4.2, 5.4, 6.3, and 7.4 K, respectively. At T = 4.2 K,
G versus VG was dominated by Coulomb blockade resonances,
similar to the second cool-down from the first device (i.e.,
Figure 3d). The effect of increased temperature was to raise the
thermal energy of electrons so that confinement in the
direction of transport was small by comparison. This enabled
the free propagation of electrons in the 1D modes and the
strong reduction of the quantum dot-like features. The
evolution is especially evident between T = 5.4 and 6.3 K
and best seen for the lowest state near VG = −0.7 V (Figure
4b,c, respectively). This suggests a confinement energy of the
0D states on the order of 0.5 meV; much lower than the
calculated confinement energy for 1D states of ∼5−10 meV.
Note that the influence of the Coulomb blockade resonances is
most prominent close to depletion, because the average kinetic
energies of the charge carriers are lower and thus longitudinal
confinement along the NW axis plays a more dominant role.26

At T = 7.4 K, G was reduced in discrete steps with negative VG,
similar to Figure 3c. Note, however, that the plateau-like
features are less distinct in Figure 4d due to temperature
broadening of the Fermi functions in the leads. Additionally,
the height of the third and fourth plateaus was increased
compared to the expected value. We suggest that temperature
assisted transport through higher sub-bands was responsible for
this behavior, but could also have arisen as an artifact from the
method used to estimate G (see Supporting Information).
These features encourage further optimization of NW structure
with less scattering centers (stacking defects, alloy fluctuations,
random background impurities) as well as employment of fully
wrapped gates with shorter gate-length to observe ultimate
coherent 1D transport.
In conclusion, we demonstrated the growth and low-

temperature transport properties of novel modulation-doped
GaAs−GaAs/AlAs core−superlattice NW heterostructures.
Structural analysis by scanning TEM and APT confirmed the
precise short-period superlattice structure as well as the
accurate radial incorporation of Si dopants into a single GaAs
layer. We investigated electron transport in the core at T = 4.2

K by simulation of ideal one-dimensional transport using a
hexagonal confinement potential and analyzed the modes with
a simple model inspired by atomic orbital labeling. These
modes were observed in electrical measurements at T = 4.2−
7.4 K but were frequently obscured by charged impurities
contributing to a background potential consisting of tunneling
barriers along the NW length. Further optimization of the
growth structure and gate lengths to reduce the influences by
the main scattering sources may bring similar devices closer to
the ballistic limit.
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Th. Nano Lett. 2016, 16 (5), 3116−3123.
(23) Gooth, J.; Borg, M.; Schmid, H.; Schaller, V.; Wirths, S.;
Moselund, K.; Luisier, M.; Karg, S.; Riel, H. Nano Lett. 2017, 17, 2596.
(24) Gooth, J.; Schaller, V.; Wirths, S.; Schmid, H.; Borg, M.;
Bologna, N.; Karg, S.; Riel, H. Appl. Phys. Lett. 2017, 110, 083105.
(25) Hicks, L. D.; Dresselhaus, M. S. Phys. Rev. B: Condens. Matter
Mater. Phys. 1993, 47 (24), 16631.

(26) Wu, P. M.; Gooth, J.; Zianni, X.; Svensson, S. F.; Gluschke, J. G.;
Dick, K. A.; Thelander, C.; Nielsch, K.; Linke, H. Nano Lett. 2013, 13
(9), 4080−4086.
(27) Mensch, P.; Karg, S.; Schmidt, V.; Gotsmann, B.; Schmid, H.;
Riel, H. Appl. Phys. Lett. 2015, 106 (9), 093101.
(28) Tian, Y.; Sakr, M. R.; Kinder, J. M.; Liang, D.; MacDonald, M. J.;
Qiu, R. L. J.; Gao, H.-J.; Gao, X. P. A. Nano Lett. 2012, 12 (12), 6492−
6497.
(29) Dingle, R.; Störmer, H. L.; Gossard, A. C.; Wiegmann, W. Appl.
Phys. Lett. 1978, 33 (7), 665−667.
(30) Klitzing, K.; Dorda, G.; Pepper, M. Phys. Rev. Lett. 1980, 45,
494−497. (29) Tsui, D. C.; Störmer, H. L.; Gossard, A. C. Phys. Rev.
Lett. 1982, 48, 1559−1562.
(31) Petta, J. R.; Johnson, A. C.; Taylor, J. M.; Laird, E. A.; Yacoby,
A.; Lukin, M. D.; Marcus, C. M.; Hanson, M. P.; Gossard, A. C. Science
2005, 309, 2180−2184.
(32) van Wees, B. J.; van Houten, H.; Beenakker, C. W. J.;
Williamson, J. G.; Kouwenhoven, P. P.; van der Marel, D.; Foxon, C.
T. Phys. Rev. Lett. 1988, 60, 848.
(33) de Picciotto, R.; Stormer, H. L.; Pfeiffer, L. N.; Baldwin, K. W.;
West, K. W. Nature 2001, 411, 51.
(34) Ferrari, G.; Goldoni, G.; Bertoni, A.; Cuoghi, G.; Molinari, E.
Nano Lett. 2009, 9 (4), 1631−1635.
(35) Bertoni, A.; Royo, M.; Mahawish, F.; Goldoni, G. Phys. Rev. B:
Condens. Matter Mater. Phys. 2011, 84, 205323.
(36) Spirkoska, D.; Fontcuberta i Morral, A.; Dufouleur, J.; Xie, Q.;
Abstreiter, G. Phys. Status Solidi RRL 2011, 5, 353−355.
(37) Lucot, D.; Jabeen, F.; Harmand, J.-C.; Patriarche, G.; Giraud, R.;
Faini, G.; Mailly, D. Appl. Phys. Lett. 2011, 98, 142114.
(38) Funk, S.; Royo, M.; Zardo, I.; Rudolph, D.; Morkötter, S.;
Mayer, B.; Becker, J.; Bechtold, A.; Matich, S.; Döblinger, M.; Bichler,
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ABSTRACT: We have prepared nanocrystals of MoS2 across
a range of length scales by heating single crystals of the
molecular precursor (NH4)2Mo3S13·H2O. Rod-shaped crystals
of the polysulfide precursor retain their original morphology
after heating at temperatures up to 1000 °C and undergo
complete conversion to MoS2 while acting as a template for
the confined formation of MoS2 nanocrystals. This solid state
transformation proceeds with the release of gaseous species
without blowing the crystals apart and leads to formation of
pores embedded into a nanocrystalline assembly of the templated nano-MoS2. The obtained assemblies of MoS2 nanocrystals
have the exact same shape of the original rod-shaped (NH4)2Mo3S13·H2O crystals indicative of a pseudomorphic shape-retentive
process. Such crystal-shaped nanocrystal assemblies show electrical conductivity values similar to a bulk MoS2 single crystal with
electron carrier concentration of 1.5 × 1014 cm−3 and mobility of 7 cm2/(V s). The nanocrystals of MoS2 were grown at
temperatures ranging from 450 to 1000 °C, and the sizes, shapes, morphologies, and their orientations can be engineered as a
function of heating rate, soaking time, and temperature. These findings suggest a unique process for constrained templated
nanocrystal growth from an organized molecular precursor structure with control of bulk morphology, size distribution, and
orientation of nanocrystallites.

■ INTRODUCTION

Molybdenum disulfide (MoS2) is of great interest for a wide
variety of technological applications ranging from electronics to
heterogeneous catalysis.1−4 When the size of this material is
reduced to the nanoscale, low-dimensional surface defects such
as edges, corners, and kinks become dominant and define the
electronic structure of the nanoparticles, which results in
tunable optoelectronic properties and highly dense active
catalytic sites.1,5,6 For this reason, focus is centered on the
synthesis of MoS2 nanocrystals, with defined sizes, morphol-
ogies, stoichiometry, atomic ordering, and microstructures. A
great variety of synthetic methods have been implemented
including hydrothermal synthesis,7,8 electrochemical deposi-
tion,9 pulsed laser ablation,10−12 microwave,13,14 molten salt
synthesis,15,16 physical vapor deposition,1,17 chemical vapor
deposition (CVD),18−22 thermal decomposition,23,24,32,33

metal−organic chemical vapor deposition (MOCVD),25 sol−
gel methods,26,27 sonochemical synthesis,20,21 and chemical and
mechanical exfoliation.28,29 These methods yield MoS2 nano-
crystals with a variety of sizes and shapes such as hexagonal
flakes, inorganic fullerene (IF)-like particles, nanotubes,
nanorods, nanoflowers, nanowires, microspheres, hollow

spheres, and porous irregularly shaped nanoparticle.26,30−36

Despite such great advancements in the nanoscopic synthesis of
MoS2, up to now, solid state assembly of MoS2 nanocrystals
emerging from a single crystal molecular precursor as template
to obtain porous isomorphic pseudocrystals of assembled MoS2
nanoparticles is not known in the literature.
Herein, we report a direct high temperature (450 °C ≤ T ≤

1000 °C) solid state reaction that leads to MoS2 nanocrystals
with controllable sizes, shapes, morphologies, and orientations.
This is a unique solvent-free, scalable process that uses crystals
of the molecular precursor (NH4)2[Mo3S(S2)6]·H2O which
features a trinuclear cluster37 (see Figure 1A). Generally, high
temperature conversion processes lead to large crystals and are
not regarded as suitable routes toward nanomaterials synthesis.
We show that the crystal structure of the chemically
homogeneous solid precursor of hydrous (NH4)2[Mo3S-
(S2)6]·H2O is unique in that upon heating it enables the
rapid but orderly topotactic removal of H2O molecules to give
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anhydrous (NH4)2[Mo3S(S2)6] (Figure 1B) and the subse-
quent removal of NH3, H2S, and sulfur gas without destruction
of the original crystal shape. The starting molecular crystals
transform into crystals of identical shapes (pseudomorphs) but
composed of porous assemblies of nanocrystalline layered
MoS2 (Figure 1C). In the present case we showed a spatially
constrained solvent free process leading to a unique process for
the synthesis of well-defined porous pseudomorphs. In
addition, we showed that such high temperature solid state
synthesis lead nanocrystals with fewer defect that can exhibit
interesting optoelectronic properties.

■ RESULTS AND DISCUSSION
Red single crystals of the hydrous (NH4)2[Mo3S(S2)6]·H2O
precursor, up to centimeter scales, were synthesized by heating
an aqueous mixture of (NH4)6Mo7O24·4H2O, NH2OH·HCl,
and (NH4)2Sx in an autoclave using a modified Mueller’s
method37 (see Supporting Information for the detailed
modified synthesis). Our study revealed that the compound
can be synthesized at temperatures ranging from 90 to 220 °C.
A yield of nearly ∼100% (based on Mo content in
(NH4)6Mo7O24·4H2O) was obtained via a reaction at 220 °C
over a period of 48 h, and thus this procedure is superior to
Mueller’s,37 which yields ∼20%.
The thermal behavior of hydrous (NH4)2[Mo3S(S2)6]·H2O

with increasing temperature was studied by thermogravimetric
analysis (TGA) (Figure 1D, fraction of mass, μ with
temperature, T) and in situ X-ray powder diffraction (Figure
1E). The TGA curve reveals that this molecule transforms from
the hydrous to anhydrous state at approximately 160 °C, which
then remains steady until ∼300 °C, signifying an impressive

thermal stability of the anhydrous molecule, (NH4)2[Mo3S-
(S2)6]. Subsequent heating above 300 °C decomposes the
anhydrous (NH4)2[Mo3S(S2)6] to MoS2 at ∼425 °C through a
gradual loss of volatile gaseous species like NH3, H2S, and
sulfur or sulfur-containing species. This feature is in agreement
with the observation of Mueller et al.23

In situ powder X-ray diffraction shows that at approximately
150 °C the diffraction pattern does not change, but the Bragg
peaks shift to larger 2θ (inset in Figure E), demonstrating a
contraction of the unit cell volume as a result of the hydrous to
anhydrous (NH4)2[Mo3S(S2)6] transformation. From the in
situ powder diffraction it can be seen that this polysulfide
molecule, remarkably, is stable until 325 °C. This observation is
consistent with the TGA, and the slight difference in the
decomposition temperature is attributed to the different heating
rate (see Supporting Information for a detailed experiment). In
fact, this transformation is so orderly that when a single crystal
of the hydrous (NH4)2[Mo3S(S2)6]·H2O material is used, a
single crystal of the anhydrous version can be obtained which
can be used to solve and refine the structure from single crystal
X-ray diffraction data as will be presented below.
Subsequent heating at higher temperatures further decom-

poses the polysulfide molecule, and the crystalline
(NH4)2[Mo3S(S2)6] converts to nanocrystalline MoS2 at
about 425 °C through a isomorphic transition occurring
between ∼350 and ∼400 °C. By isomorphic we mean that the
original crystals of the precursor retain their full shape even
though the molecular compound no longer exists. The
disappearance of the original X-ray diffraction pattern and
appearance of broad diffraction peaks at 2θ ∼14° along with

Figure 1. (A, B, C) Side by side comparison of the crystal structures of hydrous (NH4)2Mo3S13·H2O, anhydrous (NH4)2Mo3S13, and MoS2,
represented by A (red), B (pink), and C (blue) bars, respectively, for the successive figures. In (B), the absence of oxygen atoms depicted by the red
circles corresponds to the absence of water molecules after heating to ∼300 °C. (D) Thermogravimetric analysis of hydrous (NH4)2Mo3S13·H2O
shows fraction of mass loss, μ, by the release of H2O, 2NH3 + H2S, and S at temperatures, T, of 150, 290, and 425 °C, respectively. (E) In situ
powder diffraction tracts the route of the conversion of (NH4)2Mo3S13·H2O to MoS2; (A, B, and C) bars represent the compounds corresponding to
Figures A, B, and C. Inset in Figure E shows the shifting of the powder diffraction pattern with temperature; downward arrows indicate the formation
of MoS2. (F) Nanocrystalline assembly of MoS2 single crystalline pseudomorph formed by heating in a templated fashion starting a single crystal of
(NH4)2Mo3S13·H2O; see eq 1. (G) BET surface area of the molybdenum disulfides pseudomorph prepared at 450 °C as represented in Figure F.
(H) Comparison of the I−V curve of self-assembled nanocrystals into the isomorphic pseudocrystal of MoS2 prepared at 450 and 600 °C.
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others at 425 °C indicate the formation of nanocrystalline
MoS2.
The chemical environments and oxidation states of Mo, S

atoms in the pristine hydrous (NH4)2Mo3S13·H2O, anhydrous
(NH4)2Mo3S13·H2O (300 °C heated sample), and the nano-
crystalline MoS2 (450 °C sample) were characterized with X-
ray photoelectron spectroscopy (Figure S1). As synthesized,
(NH4)2Mo3S13·H2O exhibits the BEs of 228.86 and 232.06 eV
for Mo4+ 3d and 164.39−161.86 eV for S 2p. The variability in
the BEs of S 2p is attributed to two different oxidation states of
as well as the splitting caused by the spin−orbit interaction in
the sulfur atoms.38 Within this range of BEs, the bands at
163.29 and 164.39 eV correspond to the S1− 2p3/2 and 2p1/2,
respectively while the bands centered at 161.86 and 162.96 eV
correspond to the S2− 2p3/2 and 2p1/2, respectively.

39 The
change in the BEs of anhydrous (NH4)2Mo3S13 relative to
pristine hydrous is insignificant, as expected. For the MoS2
formed at 450 °C, the BEs at 230.16 and 233.30 eV correspond
to Mo 3d5/2 and 3d3/2, respectively, while those at 163.26 and
164.36 eV represent the S 2p3/2 and 2p1/2, respectively, and are
consistent with literature values. The Raman spectrum of the
porous MoS2 bulk pseudocrystal shows bands centered at ∼404
and ∼379 cm−1, which represent the A1g and E1gvibrational
modes of MoS2, respectively (Figure S2).40

To validate hydrous to anhydrous single crystal trans-
formation and its structural and compositional resilience, we
determined the X-ray single crystal structure of the as-
synthesized (NH4)2[Mo3S(S2)6]·H2O and annealed anhydrous
crystal at 300 °C (Figure 1A,B). In agreement with Mueller et
al.,37 the hydrous (NH4)2[Mo3S(S2)6]·H2O consists of a Mo3
triangle in which two molybdenum atoms are bridged by
disulfide groups, (S2

2−)bridge so-called bridging sulfur, and an
epical (S2−)epical (monosulfide group) in addition to a terminal
(S2

2−)term group on each Mo. This molecular complex is
stabilized by the (NH4)

+ counterions besides the neutral crystal
water. The crystal structure of the 300 °C annealed crystal is
similar but shows a decreased unit cell size and the absence of
H2O molecules, which is in agreement with the TGA and in situ
X-ray powder diffraction experiments. The unit cell parameters
of the anhydrous NH4)2[Mo3S(S2)6] are a = 11.5136(23), b =
16.3569(33), c = 5.7209(11) Å, β = 117.746(30)°, and V =
953.52(42) Å3, which are smaller than the hydrous version,
with unit cell parameters a = 11.5673(23) Å, b = 16.4189(33)
Å, c = 5.7049(11) Å, β = 117.366(30)°, and V = 962.23(42) Å3.
When the single crystals of anhydrous (NH4)2[Mo3S(S2)6]

are heated further, they convert to a rigid assembly of 2D MoS2
nanocrystals, preserving the morphology of the original single
crystals (Figure 1F and Figure S3). Despite severe composi-
tional and structural differences between the 0D molecular
polysulfide and the layered MoS2 and the large amount of
escaping gaseous species (H2O, NH3, H2S, and sulfur),
according to eq 1, it is truly remarkable that the conversion
of hydrous (NH4)2[Mo3S(S2)6]·H2O to MoS2 retains the bulk
morphology inherited from the host crystal (Figure 1F).

⎯ →⎯⎯⎯⎯⎯⎯⎯
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∼ °

−
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− +

(NH ) Mo S H O (NH ) Mo S

[Mo S ] 3MoS

4 2 3 13 2 170 C

H O
4 2 3 13

300 C

2NH H S
3 12 2

2

3 2

(1)

Thus, the single crystals of (NH4)2[Mo3S(S2)6]·H2O afford a
robust template for the growth nanocrystalline MoS2 without
the crystal “exploding” from the violent expulsion of gases
during the conversion (Figure S2). We could hypothesize the

phenomena as the decomposition proceeds from hydrous to
anhydrous (NH4)2Mo3S13 which subsequently can undergo
further degradation by the liberation of NH3 while the H

+ ion
can act as counterions to charge balance and may from a one-
dimensional chain. Further heating loses H2S and S along with
a simultaneous and very fast diffusion of the atoms Mo and S to
form thermodynamically stable a two-dimensional structure of
MoS2. Therefore, the underlying reason may be the details of
the parent crystal structure of (NH4)2Mo3S13·H2O which may
allow facile escape of gas molecule and thus reveal the
isomorphic structure of the host crystal. SEM images show the
presence of nanoscale cracks and pores which originate from
the escape of gaseous species as indicated by eq 1. Despite
these cracks and pores, the pseudocrystals of the MoS2
ensembles are found to be nearly mechanically as stable and
sustain upon general handling in the lab. Such mechanical
stability could be the result of the formation of interlocking
assembly of the aggregated nanocrystallites that themselves
interact and define a 3D porous matrix. The porosity in the
pseudocrystals was further validated with surface area measure-
ments, giving ∼18 m2/g, where the adsorption average pore
width by BET is 264.5 Å and pore volume is 0.12 cm3/g for the
porous bulk crystals of MoS2 prepared at 450 °C (heating rate
150 °C/h for ramp up and down and soaked for 2 h) (Figure
1G, quantity of absorbed gas, q, against relative pressure, ρ).
This value is higher than the 13 m2/g, which has been reported
for the thermal decomposition of similar precursor at 400 °C.41

However, ultrasonic pyrolysis of (NH4)2MoS4 to MoS2 without
template led to BET surface area of 20−40 m2/g, but in the
presence of SiO2 template this synthesis procedure led to a
maximum surface area of 250 m2/g.42

The rigidity of the nanocrystal assemblies allowed electrical
resistivity measurements to be conducted on the entire porous
pseudocrystals obtained at 450 and 600 °C (heating rate 15
°C/m, soaking time 1 h) (see Figure 1H). Relatively low
resistivities, ρ ∼ 6.36 × 103 Ω·cm (conductivity, σ ∼ 1.58 ×
10−4 S cm−1) and ρ ∼ 5.46 × 104 Ω·cm (conductivity, σ ∼ 1.83
× 10−5 S cm−1) were measured for the 450 and 600 °C MoS2,
respectively. These results show the electrical conductivity of
450 °C samples is approximately 1 order magnitude higher than
that of the 600 °C samples. This is consistent with a smaller
average particle size and better electrical connectivity of the
particles. Higher temperature could also lead to directional
diffusion of the atoms at certain grain boundaries, resulting in
an increase of the density of pores in the bulk pseudocrystal.
Interestingly, the electrical conductivities of such porous
pseudosingle crystals exhibit very close to the value obtained
for single bulk crystals of MoS2 along the c-axis (σ ∼ 4.6 × 10−4

S cm−1).43 This finding clearly suggests that despite the high
density of pores the aggregated MoS2 nanoparticles form a 3D
network throughout the pseudosingle crystal. In addition, such
solid-state conversion leads to high crystal quality of the MoS2
nanocrystals, and their conjoining feature allows facile charge
transport across the pseudomorph crystals. The Hall resistance
of the porous bulk pseudomorph crystal obtained at 450 °C
was measured at 300 K, showing n-type conduction (Figure
S4). The nominal carrier density of electrons is n = (1.5 ± 0.2)
× 1014 cm−3 with carrier mobility of 7 ± 1 cm2/(V s).
The sizes, shapes, morphologies, and orientations of the

MoS2 nanocrystallites inside the pseudocrystals were studied as
a function of processing temperature, ramp rate, and annealing
duration. The nanocrystallites of MoS2 were then studied by
transmission electron microscopy (TEM), scanning electron
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microscopy (SEM), and atomic force microscopy (AFM)
(Figures 2 and 3). Single crystals of (NH4)2[Mo3S(S2)6]·H2O
were heated in an evacuated closed silica tube to 450, 600, 800,
and 1000 °C with a ramp rate of 15 °C/m and soaked at the
respective temperature for 1 h. Subsequently, the empty end of
the tube was quenched in water in order to condense the
evolved gaseous species and to minimize their adsorption on to
the surface of the MoS2 crystallites. For the TEM analysis,
pseudocrystals of MoS2 were sonicated in EtOH for 2 h to
release the particles.
The TEM showed the presence of a highly disorderred

aggregrate of nanocryatlline MoS2 at 450 and 600 °C (Figures
2A−C and 2G−I). High-resolution TEM (HRTEM) images of
the nanoaggregates show random 3D orientation and minimal
stacking of the plate layers with no visible separation of the
flakes. For the samples prepared at 450 °C, basal planes of the
MoS2 exhibit “edge on” features with occasional dislocations
(Figure 2C, inset) which often result in surface curvature in the
mesostructure of the crystallites. AFM clearly shows (Figure
2D−F) the irregular morphology of the MoS2 nanoparticles
which are aggregated. From AFM images (Figure 2F) the size

of the nanoparticles can be estimated at ∼20 to ∼30 nm. Figure
2D shows the porous morphology of bulk pseudocrystals. The
darker regions of the AFM images (Figure 2E,F) reveal the
evidence of porosity created by the loss of volatile gaseous
species during the transformation. At 600 °C, TEM images
(Figure 2G,H) show no visual separation of MoS2 flakes but
reveal pronouced stacking featues of the layers along with
disordered features of the lattices (Figure 2I, left inset).
HRTEM estimates 6−12 layer stacking along the crystallogra-
phis c-axis with the edge length of crystallites being up to ∼40
nm. AFM images also show that the nanoparticles exhibit
irregular morphologies with nanoparticles of diameter ranging
from ∼30 to ∼50 nm (Figure 2K,L).
Higher processing temperatures (800 and 1000 °C) result in

well-ordered stacking of the atoms extending along all the
crystallographic directions with growth toward the thermody-
namically preferable [002] planes becoming dominant (Figure
3A−D). TEM shows the presence of hexagonal plates which
are easily separated upon sonication in EtOH. At 800 °C, the
size of the hexagonal flakes range from ∼40 to ∼150 nm, with
the majority of the particles exhibiting edge length between 50

Figure 2. TEM and AFM images of the MoS2 synthesized at 450 and 600 °C. (A) TEM shows chunky aggregated MoS2 particles represented by
black small objects, obtained from the sample synthesized at 450 °C after ultrasonication. (B) TEM image of MoS2 does not show discrete grains.
(C) TEM reveals “edge-on” view showing features of the aggregated nanocrystals; inset shows disordered stacking and presence of dislocation in the
MoS2. (D) Optical image of the pseudocrystal of MoS2 obtained at 450 °C captured by AFM; inset shows rough and porous surface of the
pseudocrystal. (E, F) AFM images at different magnification exhibiting the irregular morphology of MoS2. (G) TEM image of aggregated MoS2
nanoparticles represented by black small objects, obtained from the sample synthesized at 600 °C. (H) TEM image of MoS2 shows evidence of the
formation of individual grains. (I) Low-magnification TEM image shows disordered “edge-on” features in the MoS2 with stacking of the 6−12 layer
of basal planes with edge length up to ∼40 nm; inset show ordered (left) and disordered (right) features of the crystallites. (J) Optical images of the
bulk MoS2 crystal captured by AFM; inset shows rough and porous surface the pseudocrystal. (K, L) Different magnifications reveal the spherical-like
morphology of MoS2 with estimated particle size ∼30 to ∼50 nm.
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and 100 nm (Figure 3C). The sizes of the particles become
larger with increased temperature, and at 1000 °C the lateral
size of the nanocrystals ranges from ∼150 to ∼500 nm (Figure
3E). This increase in size is the result of the merging of closely
connected smaller crystallites which are fused by solid state
diffusion of atoms at elevated temperature (Figure S5). The
crystal pseudomorphs have mechanical integrity which supports
the notion of sintered conjoining MoS2 microcrystals. This is
supported by the sharper PXRD patterns of the MoS2
synthesized in the range 450−1000 °C at a heating rate 15
°C/m (Figure S6). It is important to mention that for Figure
1E the PXRD of MoS2 was collected at high temperature
(400−450 °C) during the in situ heating of (NH4)2Mo3S13·
H2O, while the PXRD for the MoS2 samples in Figure S6 were
collected at room temperature. This accounts for the
differences in intensity of the diffraction patterns between the
two classes of samples; however, the probability of turbostratic
stacking and differences in such based on different heating
temperatures cannot be ruled out. The well-defined crystals
obtained at 1000 °C can exfoliate in isopropanol by
ultrasonication (Figure 3H−J). The UV/vis absorption spectra
of the supernatant solution of the exfoliated MoS2 nanosheets
(Figure 3H) exhibit two pairs of bands: the first pair appears at
675 and 625 nm corresponding to the A and B excitons, while
the second intense broad pair centered at 443 and 413 nm
corresponds to the C and D excitonic transitions.28,43,44 The
molar extinction coefficient was calculated at ∼6.8 L mol−1 m−1.
As expected, very similar absorption spectra were observed for
the MoS2 synthesized at 800 °C (Figure S7).

In addition to directing the morphology and size of the
nanocrystals, the orientation of the crystallites within the
template of the host polysulfide crystal can be controlled. For
example, nanocrystals of MoS2 from the host matrix of
molybdenum polysulfides (NH4)2Mo3S13·H2O were formed at
1000 °C with variable heating rates. A rate of 100 °C/h to 1000
°C with a soaking time of 1 h led to intact pseudocrystals
composed of well-developed hexagonal plate-like crystallites
orientated randomly (Figure 4A). The connectivity at the grain
boundaries among the crystallites via fusion is the driving force
behind the retention of the original crystal shape. In order to
achieve a very slow escape of the gaseous species from the host
structure, we heated the precursor crystals at a very slow
heating rate, 20 °C/h, to 1000 °C and stayed at this
temperature for 6 h. This experiment resulted in pseudocrystals
of MoS2 nanoparticles with different length scales (nanometers
to micrometers scale) as well as highly oriented [002] lattice
planes of MoS2 extending along the surface of the host crystal
(Figure 4B). This observation could suggest that slower heating
rate allows for slower escape of the gaseous species from the
host structure, probably creating a common channel to liberate
gases, and this eventually could affect the orientation of the
crystallites in the host crystal.
This new synthesis strategy for agglomerated assemblies of

nanocrystals with specific bulk crystal shapes is a unique route
toward nanoscale MoS2 because it permits much higher
processing temperatures and short times while limiting size
growth. In addition to this unconventional synthetic technique
for porous ensembles of MoS2, meticulous control over the

Figure 3. (A, D) TEM images of MoS2 well-defined hexagonal flakes synthesized at 800 and 1000 °C. (B, E) Nanobeam diffraction pattern of the
flakes; (E) obtained from inset flake of (D), white scale bar is 50 nm. (C, F) Statistical size distributions of the MoS2 determined under TEM from
the 800 and 1000 °C samples, respectively. (E) Solution-based exfoliated MoS2 flakes obtained by centrifugation of the ultrasonicated products at
various concentrations. (F) UV/vis absorption spectra of MoS2 dispersed solutions, showing that intensity of the absorption spectra increases as a
function of concentration. (G) Molar absorption coefficient, 6.88 L mol−1 m−1, of MoS2 solutions determined from absorption vs concentration
plots.
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hierarchical assemblies of the nanocrystals across a range length
scales, morphologies, and orientations (within a predetermined
template in the form of a starting crystal shape) has not been
previously demonstrated.

■ CONCLUSION
In conclusion, crystals of the molecular compound
(NH4)2Mo3S13·H2O are excellent precursors to nanocrystals
of MoS2 as they allow the orderly escape of gases during
thermal decomposition to yield an ensemble of agglomerated
nanocrystals that retain the shape of the original molecular
crystal. Because of the constrained growth conditions in the
solid state, the growth of particles is confined in space and can
be controlled using the heating rate, soaking time, and
temperature. These rigid nanocrystal assemblies show electrical
conductivity similar to the bulk single crystal MoS2 which
exhibit n-type behavior with electron carrier concentration of
1.5 × 1014 cm−3 and mobility of 7 cm2/(V s). This work
elucidates how a chemically homogeneous polysulfide
precursor undergoes a transformation from single crystals to
isomorphic pseudocrystals of assembled nanoparticles in a
porous network. This may enable new opportunities for the
synthesis of porous pseudo-single crystals with controllable
sizes, shapes, and orientations of the constituent nanocrystals in

constrained growth conditions from similar kinds of molecular
precursors. This could be a powerful synthesis strategy for
nanomaterials that could be rapidly prepared at higher
temperatures and produce more perfect nanomaterials with
fewer defects.
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A modular time division multiplexer (MTDM) device is introduced to enable parallel measurement of
multiple samples with both fast and slow decay transients spanning from millisecond to month-long
time scales. This is achieved by dedicating a single high-speed measurement instrument for rapid
data collection at the start of a transient, and by multiplexing a second low-speed measurement
instrument for slow data collection of several samples in parallel for the later transients. The MTDM
is a high-level design concept that can in principle measure an arbitrary number of samples, and
the low cost implementation here allows up to 16 samples to be measured in parallel over several
months, reducing the total ensemble measurement duration and equipment usage by as much as
an order of magnitude without sacrificing fidelity. The MTDM was successfully demonstrated
by simultaneously measuring the photoconductivity of three amorphous indium-gallium-zinc-oxide
thin films with 20 ms data resolution for fast transients and an uninterrupted parallel run time
of over 20 days. The MTDM has potential applications in many areas of research that manifest
response times spanning many orders of magnitude, such as photovoltaics, rechargeable batteries,
amorphous semiconductors such as silicon and amorphous indium-gallium-zinc-oxide. Published by
AIP Publishing. [http://dx.doi.org/10.1063/1.4962702]

I. INTRODUCTION

Experimental characterizations of systems with both
long and short response times pose significant experimental
challenges. Regarding the longer time scales, such sys-
tems typically require continuous measurement. And when
comparison of several samples is necessary, the resulting
measurement can become extremely time consuming and
equipment intensive, requiring either continuous use of
a large number of dedicated measurement instruments or
prolonged sequential measurements with one instrument. For
example, dye-sensitized solar cells (DSSCs) require long-
term stability characterization over yearlong time scales
before they can be implemented as low-cost photovol-
taics.1–3 Lithium-ion batteries (LIBs) suffer “calendar aging,”
or degradation during energy storage, requiring lengthy
studies.4–7

In addition to measurement difficulties associated with
long time scales, many such systems also exhibit fast transients
that are equally important to characterize. The combined
fast and slow time scales pose an additional measurement
challenge: The measurement interval should be short at the
start to accurately characterize the fast response, but it should
be long thereafter to minimize the accumulation of redundant
data. Relaxation of non-equilibrium defect concentrations
in amorphous semiconductors is one example of a system
which relaxes with rapid as well as slow time scales.8,9

Moreover, amorphous indium-gallium-zinc-oxide (a-IGZO),
a semiconductor already in use in industry with immense
potential in flexible and transparent devices, exhibits rapid and
slow photoconductivity transients during and after ultraviolet

(UV) illumination, limiting device robustness and utility. Data
from previous experiments show that this photoconductivity
is characterized by time scales ranging from τ > 10−2 s to
τ < 106 s.10–12

The modular time division multiplexer (MTDM) is intro-
duced to implement simultaneous measurements of multiple
samples in parallel which exhibit transients with relaxa-
tion rates that span orders of magnitude. The multiplexing
measurement strategy is already recognized as a method to
increase data collection efficiency in several fields of study,
such as nanoscale magnetic resonance imaging (nanoMRI).14

The MTDM measures initially fast and eventually slow
time scales, first in a time-sequenced and subsequently in
a multiplexed manner that continuously increases the time
interval for data collection in the dedicated mode in response
to the sample behavior. The result significantly reduces the
overall measurement duration for multiple samples and the
overuse of redundant equipment. The MTDM is a high-
level design concept that can be realized in multiple ways,
including commercial switching systems. Using a low cost
implementation of MTDM described here and a measurement
computer, only two measurement instruments are initially
needed to measure transients in up to 16 samples at once and
only one measurement instrument is required for the majority
of the measurement duration. This paper will explain both the
circuit design of the MTDM and its low cost implementation
as well as demonstrate the method for MTDM to measure
transient photoconductivity. The transient photoconductivity
of several a-IGZO thin films are studied as an example of
parallel characterization of samples with both rapid and slow
relaxation time scales.
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II. SYSTEM DESIGN OF MTDM

Figure 1 shows the system design of the MTDM. It
has two different modes, which are labeled as the dedicated
mode and the multiplexed mode, respectively. The dedicated
mode measures one sample with a fast transient using a
single measurement instrument at short time-intervals. The
multiplexed mode measures the remaining multiple samples
during their slow response phase by multiplexing a second
measurement instrument among these various samples at
longer time intervals. Each mode uses one measurement
instrument. Thus a total of two measurement instruments are
required to measure an arbitrarily large number of samples
with high fidelity.

While we will include a specific multiplexer circuit
for completeness as well as to provide a cost-effective
implementation of this method, one can also use commercial
multiplexers in the fashion described to achieve the same
MTDM operation. Commercially available units at the time
of this publication include Keithley 3706A, Agilent 34901A,
and Stanford Research Systems SIM925.

To summarize the overall method, multiple samples are
first connected in the multiplexed mode before measurement.
Then a single sample is switched to the dedicated mode in
anticipation of measuring a fast transient, while other samples
remain in the multiplexed mode. While measuring the fast
transient of the sample, the dedicated mode calculates the
measurement time interval based on the relaxation rate as
measured from the most recent data points. The time interval
will be increased with successive measurements as the rate of
relaxation slows down. Once the measurement time interval of
the sample exceeds a fixed threshold, the dedicated mode for
that sample is terminated, and the sample is transferred to the
multiplexed mode. The threshold measurement time interval
for multiplexed mode is determined according to the number
of total samples being multiplexed. Other samples follow the
same procedure, one at a time. After the fast transients of all

FIG. 2. Demonstration of least square fit method for determining the instan-
taneous decay constant τn. The dashed line represents the best fit ξn(t)
= Ane

−t/τn+Bn when t = tn. The best fit line ξn(t) was approximated
from the most recent q data points. The black squares represent experimental
data si. The decay time constant τn at the nth measurement is derived from
minimizing the error in ξn(t) in a fit to the data. The measurement interval
at nth measurement event is set to Tn =τn/R, where R is the time constant
sub-resolution and is the number of measurements desired within the single
τn. The next desired measurement event is set to tn+1= tn+Tn.

samples are measured, all samples will be measured in the
multiplexed mode for the remainder of the transient, and the
dedicated mode instrument can be removed from the system
so that only one instrument is required for the remainder of
the measurement.

A. Dynamic measurement time interval
for decaying signal

In order to determine crossover time scales while measur-
ing sample transients, it is important to identify how rapidly
the sample is decaying at any given instant. As shown in
Fig. 2, within a brief interval the signal of a sample s(t) can
be approximated as an exponential decay ξ(t)= Ae−t/τ(t) + B

FIG. 1. System design of the modular time division multiplexer (MTDM) unit. Solid lines symbolize connections relevant to the dedicated mode. Dashed lines
represent connections relevant to the multiplexed mode. The dedicated mode measures the fast transient of a single sample, here illustrated for sample index
k = 1. The multiplexed mode measures the remaining multiple samples k = 2, 3, and 4 with slower transients. Two measurement instruments are used to measure
four samples, one each for the dedicated mode and the multiplexed mode, respectively. The dedicated mode instrument can be removed, once all of the fast
transient of all samples have been measured.
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with a corresponding decay constant τ(t). The exponential
decay approximation is good enough to provide a char-
acteristic time scale for any generic decay that might be
encountered. The experimental signal to be measured s(t) is
more appropriately expressed in discrete form to represent the
discrete data set measured at times tn, as indexed by n,

sn = s(tn). (1)

The decay time constant τ(t) associated with each discrete
data point is then,

τn = τ(tn). (2)

The discrete τn at nth measurement event is obtained
from an exponential best fit line, ξn(t) = Ane−t/τn + Bn, that
is generated based on q previous data points. The users decide
q at their discretion to average out noise in the signal. The
recommended minimum value for q is q = 10, and the present
experimental test was implemented with q = 50. The best fit is
determined with a simple software algorithm on the computer
that controls the multiplexers of the MTDM in Fig. 1.

In the present implementation, the best fit line ξn(t) is
derived using the least square fit method.13 The sum of squared
residuals L is defined as

L =
n

i=n−q
[(Ane−ti/τn + Bn) − si]2, (3)

whereby i = {n− q,n− q+ 1, . . . ,n} indexes the q most recent
data points before the time t = tn. The best fit for the decay
constant τn can be determined by minimizing L with respect
to An,Bn, and τn and then using the resulting value for τn.

In order to most effectively characterize the decay
response while minimizing redundancy in slowly varying
transients, a measurement instrument needs to take multiple
measurements within τn. The desired number of measurement
events within a decay constant τn is defined as the time constant
sub-resolution R. The minimum recommended value for R is
R = 20, and the present data was collected with R = 100. The
dynamic measurement interval Tn is then,

Tn =
τn
R
. (4)

On the other hand, estimating the local time constant
using a linear fit requires a pre-assumption on the steady state
value. A wrong assumption of the steady state value would
cause a systematic overestimation or underestimation of the
time constant.

As described in Secs. II B–II E, the MTDM will compare
the continuously updated dynamic measurement interval Tn to
several time scales and time constraints in the measurement
system, and it will conduct measurements in the dedicated
mode or multiplexed mode, accordingly.

B. Dedicated mode: Fast transients

The dedicated mode concentrates the measurement effort
of one of the measurement instruments to a single sample for
the sake of monitoring the fast part of the decay transient.
As a result, the data flow from that sample measures the
initial response at the fastest possible sampling rate which

is subsequently slowed down in response to the sample’s own
behavior as set by the dynamic measurement time interval Tn

(Section II A).
In a real experiment, the MTDM cannot accommodate

arbitrarily short time intervals Tn due to limitations of the
measurement instrument. The actual measurement interval of
the MTDM is therefore defined as θn,

θn = max(Tn,ΘD), (5)

where ΘD is the shortest measurement interval possible, set
by the slower of the measurement instrument speed or the
communication protocol time between the computer and the
instrument. Due to the decay characteristic, Tn increases over
time. The time tn when crossover from θn = ΘD to θn = Tn

takes place, is called the dynamic interval crossover time,

tn = tD. (6)

The manual selector in Fig. 1 shows a scenario where the
sample with index k = 1 is connected to the dedicated mode
in anticipation of measuring a rapid transient for that sample.
Throughout measurements, all signals associated with the
dedicated mode must be shielded with co-axial cables from
the rest of the MTDM to prevent signal interference.

C. Multiplexed mode: Slow transients

The multiplexed mode utilizes the time division mul-
tiplexing technique (TDM) to measure multiple samples
in parallel that all have sufficiently slow response times
that their dynamic measurement time interval exceeds the
multiplexing measurement cycle time required to measure all
N samples under test. In the multiplexed mode, the actual
measurement interval θn is set to θn = ΘM, where ΘM denotes
the multiplexed mode time interval. This interval is set by the
time it takes to cycle the multiplexed connection through all
of the samples and return to the original sample as

ΘM = N · τs, (7)

where N is the number of samples to be measured in parallel
in the multiplexed mode. The stabilization time τs is the
time that the measurement instrument takes to terminate the
connection from the previous sample, establish a connection
to the next sample of interest, and stabilize before making
a reliable measurement. Each channel must be shielded to
reduce interference with other channels. Using co-axial cables
for signal transmission is one way to ensure shielding.

The multiplexed mode utilizes two designations of
multiplexers — slave and master multiplexers — in anticipa-
tion of a hierarchical measurement of multiple MTDM units
in parallel, as described in Section II D.

D. Multiplexer hierarchy: Integrated system
of multiple MTDM units

The number of samples that can be measured with a
single MTDM is limited by several factors, such as the
number of throughputs of slave multiplexer IC and the space
constraints of housing unit. Integrating multiple MTDM
units modularly can overcome such limitations and allows
parallel measurement of a scalable number of samples.
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FIG. 3. Hierarchy of integrated modular time division multiplexer (MTDM) units. Multiple MTDM units can be integrated through the multiplexer hierarchy
of several slave MTDM units and a single master MTDM unit. A MTDM unit containing a master multiplexer directly connected to the measurement device is
called the master MTDM. Others are called slave MTDM units. This integration can scalably increase the number of measured samples. Note that all MTDM’s
have identical circuitry, so the master MUX’s in the slave MTDM’s remain unused.

Such integration also allows addition of new samples during
ongoing measurements. In Fig. 3, multiple MTDM units are
integrated by connecting the slave outputs of the slave MTDM
units to the master multiplexer of the master MTDM. The
measurement signal of a sample in the integrated system is
indexed with superscripts,

sm,k
n , (8)

where the nth signal data point is from the kth sample of
the mth MTDM unit in the integrated system of Fig. 3.
When the measurement instrument needs to measure sm,k

n in
the multiplexed mode, the computer commands the master
multiplexer to index the signal from the slave multiplexer in
the mth MTDM unit, and the computer commands the slave
multiplexer to index the kth sample, ultimately connecting the
measurement instrument to the desired sample.

The total number of samples that can be measured in the
multiplexed mode, N in Eq. (7) is expressed as

N = M · K



k = 1,2, . . . ,K
m = 1,2, . . . ,M

, (9)

where M is the total number of MTDM units in the integrated
system and K is the total number of samples in one MTDM
unit. M = 4 and K = 4 in the hierarchical example of Fig. 3.

E. Crossover from dedicated to multiplexed mode

A sample can be switched from the dedicated mode to
the multiplexed mode any time after Tn exceeds Tn > ΘM in
Eq. (7). Note that ΘM depends on the total number of samples
and increases as the MTDM scales to accommodate more
samples. The MTDM continues calculating the dynamic mea-
surement interval Tn in the multiplexed mode for reference,
but the actual measurement interval θn will be

θn = min(Tn,ΘM) = ΘM, (10)

after crossover in the multiplexed mode. The time tn when
a sample can transition from the dedicated mode to the
multiplexed mode is defined as

tn = tM, (11)

where tM is called the multiplexed mode crossover time.

III. DEMONSTRATION EXPERIMENT: AMORPHOUS
In-Ga-Zn-O THIN FILMS

A. Experiment setup

The conductivities of σm,k
n of three a-IGZO films were

measured as a means of demonstrating the MTDM unit. In this
experiment, only one MTDM unit was used, so m = 1, and this
superscript will be suppressed,σm=1,k

n = σk
n. The conductivity

was measured with the van der Pauw method15,16 with a lock-
in amplifier by supplying an ac current through 2 contacts
and measuring the resultant 4-point in-phase ac voltage. In
Fig. 4, two SR830 lock-in amplifiers were used as measurement
devices, one for the dedicated mode and the other for the
multiplexed mode. All test signals were shielded with co-axial
cables to reduce signal cross talk. The dedicated mode signal
was also modulated at a frequency different from that of the
multiplexed mode to further reduce signal interference. Note
that the circuit description of each element in the MTDM with
electronic part numbers can be found in the Appendix.

Three a-IGZO thin films were deposited via pulsed laser
deposition (PLD) at different oxygen pressures. For more
details on the PLD deposition of such films, please see
Ref. 12. Oxygen vacancies are expected to be responsible
for n-doping such films, hence lower oxygen pressures yield
higher conductivities. Sample 1, sample 2, and sample 3 were
exposed to PO2 = 5 mTorr, 15 mTorr, and 5 mTorr oxygen
pressure during deposition, respectively. The three samples
had different illumination histories prior to this experiment.
Therefore, sample 1 and sample 3 were expected to exhibit
different responses despite the same oxygen pressure during
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FIG. 4. Experimental setup for measuring the photoconductivity transients σk(t) of three a-IGZO thin films after ultraviolet illumination for approximately
23 days. All of the samples were placed inside sealed metal chambers to prevent exposure to ambient light. Samples were measured in the dedicated mode
immediately after the LED illumination was switched on or off, and in the multiplexed mode at longer times thereafter, according to the protocol described in
Section II E.

fabrication. As indicated in Fig. 4, each sample was sealed
inside a closed metal chamber to prevent exposure to ambient
light during measurement. Each metal chamber contained an
ultraviolet light emitting diode (UV LED) for illumination.
One UV LED was turned on at a time. All UV LEDs were
powered sequentially by a single power source with 3.6 V and
0.7 A to achieve full illumination power.

The resolution per time constant R in Eq. (4) was set
to R = 100. The number of relaxation-fit data points q in
Eq. (3) was set to q = 50. The number of samples N in Eq. (7)
was N = 3. The shortest measurement interval possible was
ΘD = 20 ms. The fastest measurement speed of the lock-in
amplifier was larger than the communication protocol time
between the computer and the lock-in amplifier, which became
the limiting factor for the fastest measurement interval ΘD.
The stabilization time constant of the lock-in amplifier was
τs = 3 s. It is an order larger than the lock-in amplifier time
constant, so that the switching transients can settle before new
measurements. Although only three samples were measured,
the total number of samples N was set to N = 4 for possible
addition of sample. The multiplexed mode measurement
interval ΘM in Eq. (7) was then ΘM = 12 s. In the beginning
of the measurement, all of the samples were connected to the
multiplexed mode as designated in Fig. 5(d) where “none” are
in the dedicated mode. Sample 1 was then switched to the
dedicated mode first for the fast transient measurement during
UV illumination. As per the previously described protocol,
the lock-in amplifier started measuring the sample at the
fastest possible rate with θn = ΘD. After q = 50 points were
measured, the MTDM was first able to estimate Tn based on
the collected data. Once Tn > ΘD, the dedicated mode interval
transitions to θn = Tn. The data collection continued with θn
increasing dynamically as the response time slowed down and
Tn increased. Once Tn > ΘD, the sample was switched to the
multiplexed mode and was measured at θn = ΘM. This state
was maintained for the remainder of the illuminated state for
sample 1. Shortly before the end of the illumination, sample
1 was switched to the dedicated mode again in anticipation
of the fast initial transient measurement expected during dark

relaxation. The UV LED was then turned off, and the same
cycle repeated. Sample 2 and sample 3 illumination transients
and dark transients were subsequently measured with the same
procedures. Fig. 5(d) shows which sample was in the dedicated
mode during the measurement, namely at the beginning of the

FIG. 5. Transient photoconductivity σk(t) of three different a-IGZO thin
films measured for approximately 23 days, (a) sample 1, (b) sample 2,
and (c) sample 3. The samples were prepared at PO2= 5 mTorr, 15 mTorr,
and 5 mTorr oxygen pressure, respectively. The samples also had different
illumination histories, which differentiated the behaviors of the two 5 mTorr
samples. The UV LED was turned off during the gray regions and was
on during the white regions. (d) The timeline of samples measured in the
dedicated mode. Multiplexed mode is active at all times. The colored lines
represent which sample is being measured in the dedicated mode.
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illumination, and immediately after the end of the illumination
for each sample. Note that for the majority of the time, none
of the samples were in dedicated mode, as designated by the
black line, meaning that the dedicated mode measurement
instrument was free to be removed from the measurement
system for use elsewhere.

B. Performance analysis

Fig. 5 shows the conductivity measurement of three a-
IGZO samples serving as a test for the MTDM operation.
Transient photoconductivity σk

n of sample 1, sample 2, and
sample 3 were measured for 23 days. If these three samples
were measured in series, the total measurement duration would
have been approximately 70 days. The same measurement
could have been trivially expanded to measure 16 samples
in parallel with equal ease without increasing the overall
measurement time. This reduces a measurement time that
would have lasted over a year to one that lasts just over 3
weeks. Note, also, that there are long stretches where the
dedicated mode lock-in amplifier can be freed for other use,
so that many days of experimentation require only a single
lock-in as indicated by the black solid line in Fig. 5(d). The
minimum usage of the lock-in amplifier for the dedicated mode
is several hours by strictly following the crossover protocol
from dedicated to multiplexed mode outlined here. The

FIG. 6. Dynamic measurement interval Tn of three a-IGZO thin films af-
ter ultraviolet illumination, (a) sample 1, (b) sample 2, and (c) sample 3.
According to the method described in Section II A, the first Tn value can
only be reported after q = 50 data points have been measured, hence the
time delay between the measurements of σn and Tn. Circles identify the
minimum interval crossover time tD when the actual measurement interval θn
is switched from the shortest measurement possible θn =ΘD to the dynamic
measurement time interval θn =Tn. Triangles identify the multiplexed mode
crossover time tM where the sample response is slow enough that it can
transition to the multiplexed mode, Tn =ΘM.

FIG. 7. A subset of the data of Fig. 5 showing the relaxation of photo-
conductivity σk(t) of three a-IGZO thin films after ultraviolet illumination
plotted in log time, (a) sample 1, (b) sample 2, and (c) sample 3. Circles
and triangles designate the same important dedicated mode and multiplexed
mode crossover time scales as identified in Fig. 6.

measurement duration of this particular measurement could
be reduced even further if the three UV LEDs had independent
power supplies and could be illuminated simultaneously.

In addition to the significant measurement time and
resource savings, the MTDM was able to measure the rapid
sample transients with a high resolution. Figure 6 shows the
time dependence of the dynamic measurement interval Tn

from the measurement data deduced using the least square
fit method of Section II A. From the crossover scales ΘD and
ΘM, one can determine the dedicated mode dynamic crossover
time for each curve tkD, and the multiplexer mode crossover
time tkM. In logarithmic scale, Fig. 7 shows the relaxation of
the three a-IGZO samples after ultraviolet illumination. The
dynamic measurement interval Tn ranged from Tn = 10−3 s to
105 s. Using Eq. (4) and R = 100, the decay time scale for
all three samples ranged from τ = 10−1 s to 107 s, covering 8
orders of magnitudes of time constants. The crossover times
determined from Fig. 6 are also indicated as tkD and tkM.

IV. CONCLUSION

The modular time division multiplexer (MTDM) signifi-
cantly reduces the measurement duration and equipment usage
for continuous long term measurements of multiple samples
that exhibit both fast and slow transients. The MTDM can
measure the fast transients with high resolution and the slow
transients with low resolution, and dynamically adjust the
resolution with time to match to the natural response of the
signal under study. Two crossover time scales are identified.
The first time scale ΘD is the time scale associated with the
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fastest response time of the equipment. No meaningful data
can be taken at time scales faster thanΘD, soΘD sets the start of
meaningful data in the dedicated mode. The second crossover
time scale ΘM is defined when the sample is switched to the
multiplexed mode. The multiplexed mode measures multiple
samples in parallel by cycling connections between individual
samples and the measurement instrument. The MTDM can
be used in a hierarchical modular setup with several slave
units and one master MTDM unit. Such setup allows two
advantages: Samples can be easily added without interrupting
measurements and an increased number of samples can be
measured per unit equipment usage time.

As an example, the MTDM was demonstrated with a study
of a-IGZO transients. This measurement method can save up
to a factor of N in measurement time, where N is the number
of samples, without increasing measurement instrument usage
by implementing higher level hierarchy schemes. Because
measurements often last weeks or months, this factor of
improvement makes many experiments on technologically
relevant materials possible that would not previously have
been feasible.
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APPENDIX: DETAILS FOR THE LOW-COST
IMPLEMENTATION OF MTDM

Figure 8 shows the circuit schematic of the low-cost
implementation of MTDM for measuring the transient photo-
conductivity of a-IGZO samples due to illumination. All
circuit elements of MTDM in Fig. 8 were implemented on a
PCB. Ultraviolet LED, multiplexers, and operational amplifier
part numbers are listed in the schematic. The wavelength of the
UV LED was centered at 385 nm. A single rotary switch with
6 parallel channels was used as the manual selector, allowing
all six rotary switches above to be turned simultaneously.
Figure 9 shows the picture of the low-cost implementation

FIG. 8. The circuit schematic of a MTDM unit for measuring the transient photoconductivity of a-IGZO samples. VD, in and VM, in are voltage inputs to the
current sources for the dedicated mode and the multiplexed mode, respectively. The difference between VD+ and VD− is the four-point voltage across the sample
that is being measured in the dedicated mode. The difference between VM+ and VM− is the voltage across the sample in the multiplexed mode that is indexed
by the two multiplexers. A computer program written in Python indexes the multiplexers using pins VMUX0 through VMUX3.
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FIG. 9. The picture of the low-cost implementation of MTDM for measuring
the transient photoconductivity of a-IGZO samples due to illumination, pre-
sented in Fig. 4. (a) Sample chambers which contain a-IGZO samples and the
UV LEDs, (b) the constant current source circuit, (c) the slave and the master
multiplexer circuit, (d) the manual selector, and (e) a fan used to dissipate
heat generated from the UV LEDs.

of MTDM. The MTDM could fit inside a metal box that has
dimensions of 80 cm × 80 cm × 40 cm. A fan and sample
chambers occupied most of the space inside the metal box.

1L. Ciani, M. Catelani, E. A. Carnevale, L. Donati, and M. Bruzzi, IEEE
Trans. Instrum. Meas. 64, 1179 (2015).

2N. A. Ludin, A. Al-Alwani Mahmoud, A. Bakar Mohamad, A. A. H.
Kadhum, K. Sopian, and N. S. Abdul Karim, Renewable Sustainable Energy
Rev. 31, 386 (2014).

3M. K. Nazeeruddin, E. Baranoff, and M. Grätzel, Sol. Energy 85, 1172
(2011).

4S. Grolleau, A. Delaille, H. Gualous, P. Gyan, R. Revel, J. Bernard, E.
Redondo-Iglesias, and J. Peter, J. Power Sources 255, 450 (2014).

5A. Eddahech, O. Briat, and J.-M. Vinassa, Energy 84, 542 (2015).
6B. Stiaszny, J. C. Ziegler, E. E. Krauß, M. Zhang, J. P. Schmidt, and E. Ivers-
Tiffée, J. Power Sources 258, 61 (2014).

7P. Röder, B. Stiaszny, J. C. Ziegler, N. Baba, P. Lagaly, and H. D. Wiemhöfer,
J. Power Sources 268, 315 (2014).

8R. H. Bube and D. Redfield, J. Appl. Phys. 66, 820 (1989).
9R. Bube, L. Echeverria, and D. Redfield, Appl. Phys. Lett. 57, 79
(1990).

10K. Nomura, H. Ohta, A. Takagi, T. Kamiya, M. Hirano, and H. Hosono,
Nature 432, 488 (2004).

11T.-Y. Hsieh, T.-C. Chang, T.-C. Chen, and M.-Y. Tsai, ECS J. Solid State
Sci. Technol. 3, Q3058 (2014).

12J. Luo, A. U. Adler, T. O. Mason, D. Bruce Buchholz, R. P. H. Chang, and
M. Grayson, J. Appl. Phys. 113, 153709 (2013).

13D. P. Bertsekas and J. N. Tsitsiklis, Introduction to Probability, 2nd ed.
(Athena Scientific, 2008), pp. 462–466 and 478–479.

14B. A. Moores, A. Eichler, Y. Tao, H. Takahashi, P. Navaretti, and C. L.
Degen, Appl. Phys. Lett. 106, 213101 (2015).

15L. J. van der Pauw, Philips Res. Rep. 13, 1 (1958).
16G. T. Kim, J. G. Park, Y. W. Park, C. Muller-Schwanneke, M. Wagenhals,

and S. Roth, Rev. Sci. Instrum. 70, 2177 (1999).

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  24.12.186.120 On: Fri, 30 Sep

2016 13:41:06

DISTRIBUTION A: Distribution approved for public release

http://dx.doi.org/10.1109/TIM.2014.2381352
http://dx.doi.org/10.1109/TIM.2014.2381352
http://dx.doi.org/10.1016/j.rser.2013.12.001
http://dx.doi.org/10.1016/j.rser.2013.12.001
http://dx.doi.org/10.1016/j.solener.2011.01.018
http://dx.doi.org/10.1016/j.jpowsour.2013.11.098
http://dx.doi.org/10.1016/j.energy.2015.03.019
http://dx.doi.org/10.1016/j.jpowsour.2014.02.019
http://dx.doi.org/10.1016/j.jpowsour.2014.06.040
http://dx.doi.org/10.1063/1.343503
http://dx.doi.org/10.1063/1.103584
http://dx.doi.org/10.1038/nature03090
http://dx.doi.org/10.1149/2.013409jss
http://dx.doi.org/10.1149/2.013409jss
http://dx.doi.org/10.1063/1.4795845
http://dx.doi.org/10.1063/1.4921409
http://dx.doi.org/10.1063/1.1149738


 

Polycrystalline ZrTe5 Parametrized as a Narrow-Band-Gap Semiconductor
for Thermoelectric Performance

Samuel A. Miller,1 Ian Witting,1 Umut Aydemir,1,2 Lintao Peng,3 Alexander J. E. Rettie,4 Prashun Gorai,5,6

Duck Young Chung,4 Mercouri G. Kanatzidis,4,7 Matthew Grayson,3,8 Vladan Stevanović,5,6

Eric S. Toberer,5,9 and G. Jeffrey Snyder1,*
1Department of Materials Science and Engineering, Northwestern University,

Evanston, Illinois 60208, USA
2Department of Chemistry, Koç University, Sariyer, Istanbul 34450, Turkey

3Applied Physics Graduate Program, Northwestern University, Evanston, Illinois 60208, USA
4Materials Science Division, Argonne National Laboratory, Argonne, Illinois 60439, USA

5National Renewable Energy Laboratory, Golden, Colorado 80401, USA
6Department of Metallurgical and Materials Engineering, Colorado School of Mines,

Golden, Colorado 80401 USA
7Department of Chemistry, Northwestern University, Evanston, Illinois 60208, USA

8Department of Electrical Engineering and Computer Science, Northwestern University,
Evanston, Illinois 60208, USA

9Department of Physics, Colorado School of Mines, Golden, Colorado 80401 USA

(Received 25 August 2017; revised manuscript received 22 November 2017; published 24 January 2018)

The transition-metal pentatellurides HfTe5 and ZrTe5 have been studied for their exotic transport
properties with much debate over the transport mechanism, band gap, and cause of the resistivity behavior,
including a large low-temperature resistivity peak. Single crystals grown by the chemical-vapor-transport
method have shown an n-p transition of the Seebeck coefficient at the same temperature as a peak in the
resistivity. We show that behavior similar to that of single crystals can be observed in iodine-doped
polycrystalline samples but that undoped polycrystalline samples exhibit drastically different properties:
they are p type over the entire temperature range. Additionally, the thermal conductivity for polycrystalline
samples is much lower, 1.5 Wm−1 K−1, than previously reported for single crystals. It is found that the
polycrystalline ZrTe5 system can be modeled as a simple semiconductor with conduction and valence
bands both contributing to transport, separated by a band gap of 20 meV. This model demonstrates to first
order that a simple two-band model can explain the transition from n- to p-type behavior and the cause of
the anomalous resistivity peak. Combined with the experimental data, the two-band model shows that
carrier concentration variation is responsible for differences in behavior between samples. Using the two-
band model, the thermoelectric performance at different doping levels is predicted, finding zT ¼ 0.2 and
0.1 for p and n type, respectively, at 300 K, and zT ¼ 0.23 and 0.32 for p and n type at 600 K. Given the
reasonably high zT that is comparable in magnitude for both n and p type, a thermoelectric device with a
single compound used for both legs is feasible.

DOI: 10.1103/PhysRevApplied.9.014025

I. INTRODUCTION

Thermoelectric (TE) materials are those that convert a
temperature gradient to a voltage or an electrical current
flow into a heat flow, with applications in power gen-
eration and Peltier cooling. This thermoelectric conver-
sion of heat energy into electrical energy, the Seebeck
effect, has been well studied, with compounds optimized
for use in various temperature ranges and applications.
Mid- and high-temperature thermoelectrics have been

well investigated, including PbTe, SiGe, and Zintl com-
pounds [1–5]. However, there is a dearth of materials for
applications at lower temperatures. To date, TE materials
for cooling applications fall into one of three families:
Bi1−xSbx [6,7], CsBi4Te6 [8,9], or ðBi; SbÞ2ðTe; SeÞ3
[10,11]. Furthermore, construction of thermoelectric gen-
erators requires thermal and chemical stability and match-
ing between the n and p legs of the device [12]. Recently,
there has been interest in the use of layered transition-
metal pentatellurides for low-temperature thermoelectric
applications. ZrTe5 and HfTe5 have demonstrated high
power factors, though the thermal conductivity is rela-
tively high [13,14]. Measurement of needlelike single
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crystals showed the thermal conductivity to be in the
range of approximately 4–8 Wm−1 K−1 at room temper-
ature [15]. In contrast, recent calculations indicated that
the lattice thermal conductivity should be much lower
[16–18], and, thus, the zT higher than initially thought,
warranting further study [19].
However, the optimization of thermoelectric perfor-

mance through compositional tuning of the pentatelluride
materials has been difficult due to a poor understanding
of the underlying transport. Chemical-vapor-grown single
crystals of ZrTe5 exhibit a peak in resistivity (ρ) as a
function of the temperature and a change in sign of the
Seebeck coefficient (α) at approximately 130 K. There have
been many explanations for this behavior over the years.
Researchers first believed this was due to charge-density
waves [20], but diffraction, magnetic field, and composi-
tional data indicated this was not likely the cause of the
peaked resistivity [21,22]. Other explanations have since
been advanced, but there has not been consensus on the
cause of the transport phenomena [23,24]. The temper-
ature-induced Lifshitz transition has been studied as well as
the quantum Hall effect and chiral magnetic effect [25–30],
but there remains a debate over whether pentatellurides are
topological insulators with a small band gap or whether
they are Dirac semimetals [31–36].
To more specifically investigate the promise of ZrTe5 as

a thermoelectric material, we produce bulk polycrystalline
ZrTe5 samples. Our undoped samples are p type over the
entire temperature range, though substitution of iodine for
tellurium causes a transition to n type at low temperatures,
in agreement with previous reports. Using the experimental

Seebeck coefficient, thermal conductivity (κ), and Hall
data, we find that in the polycrystalline form, these
pentatellurides can be modeled as a narrow-band-gap
semiconductor with effective contributions from a single
n-type conduction band and a single p-type valence band.
We then use our model to explain previous property
observations in the literature and are able to explain the
resistivity peak in terms of an n-type to p-type thermally
induced crossover shown schematically in Fig 1. We also
investigate predicted thermoelectric properties from this
model and show how to optimize the zT for these
polycrystalline materials, as well as note their potential
use for both n- and p-type legs in the same device.

II. METHODS

Bulk polycrystalline ZrTe5−xIx samples are produced
by solid-state reaction of Zr (Alfa Aesar, 99.95%), Te (Alfa
Aesar, 99.999%), and TeI4 (Strem Chemical, 99.9%)
followed by hot pressing. Zr is mixed in a stoichiometric
ratio with Te and TeI4, placed in a quartz ampule, evacuated
to 10−5 mbar, and torch sealed. Using a vertical single-zone
furnace, the heating profile is 90 K=h from room temper-
ature to 923 K, dwell time of 12 h, furnace quench
(300 K=h) to 748 K, dwell for 72 h, and finally cooling
to room temperature at 90 K=h. The resulting material is
ground in an agate mortar and pestle into a fine powder.
The powder is hot pressed in a half-inch graphite die using
a maximum temperature of 723 K for 2 h under flowing
argon followed by ambient cooling. A series of grit papers
ending in 1200 grit is used to polish residual graphite foils
and produce samples of uniform thickness.
X-ray diffraction is used to monitor the sample purity by a

Rigaku D/Max diffractometer. A Netzsch LFA 457 is used to
measure the thermal diffusivity at high temperatures, and the
Dulong-Petit approximation is applied for the heat capacity.
The Hall coefficient and ρ are measured using a four-point
van der Pauw technique with a 2-T magnet under high
vacuum, while a light-pipe method utilizing chromel-
niobium thermocouples is used to measure the Seebeck
coefficient [37,38]. For the low-temperature measurements,
a number of instruments are used to measure the various
properties. A Physical Property Measurement System
(PPMS, Quantum Design) is used in the van der Pauw
configuration as well as with the Thermal Transport Option
(TTO). For all PPMS measurements, the contacts are made
out of silver paste, air dried, and are Ohmic in the temper-
ature range considered. Additional low-temperature magne-
totransport and Hall measurements are done on square planar
devices with four-corner contacts applying the van der Pauw
method. The experiment is conducted in a Cryogenic Ltd.
cryogen-free 5-T magnet system with a helium flow cryostat
using ac lock-in techniques (SR830).
To model and analyze the thermoelectric transport

data, the effective mass model is used [39]. This model
is frequently employed to guide the understanding and

FIG. 1. Schematic of the two-band model for the iodine-doped
polycrystalline sample (or vapor-grown single crystals) showing
movement of the Fermi level with increasing temperature and the
resulting properties.
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optimization of thermoelectrics. However, there are cases
where the effective mass model breaks down, namely,
due to nonparabolic bands or multiband effects [40–42].
We consider two bands contributing to transport and restrict
the use of the model to higher temperatures where any
possible topological and phase-coherent effects are sup-
pressed. One valence and one conduction band are used,
both with a rigid band shape that does not change with the
temperature or doping level. In this model, the effective
mass and initial doping level for each band are fixed along
with the band gap. To calculate the Fermi level at each
temperature, the charge neutrality condition is used for the
chemical potential relationship between two bands with
known gap. The charge neutrality is given by

Nþ
d þ p ¼ nþ N−

a ; ð1Þ

where Nþ
d and N−

a are the number of ionized donors and
acceptors, respectively, and p and n are the concentrations
of holes and electrons. For a given band gap Eg, the
relationship between the reduced chemical potentials of the
two bands is given by the expression

η1 ¼ −η2 −
Eg

kBT
: ð2Þ

Once the masses, dopant level, and band gap are set and
the Fermi level at each temperature is calculated, the
properties of each band according to the effective mass
model can be determined. These properties are given below
for a two-band system, though they can be generalized to
multiband with the appropriate summations:

αtot ¼
α1σ1 þ α2σ2
σ1 þ σ2

; ð3Þ

σtot ¼ σ1 þ σ2; ð4Þ

RH;tot ¼
RH;1σ

2
1 þ RH;2σ

2
2

σ2tot
; ð5Þ

where α, σ, and RH are the Seebeck coefficient, electrical
conductivity, and Hall coefficient, respectively. The sub-
scripts 1 and 2 denote the contribution from each of the two
bands (in this case, one conduction and one valence, though
this analysis can be applied to two bands of the same type).
The total thermal conductivity (κtot) is then given by

κtot ¼ κL þ TðL1σ1 þ L2σ2Þ

þ T

�
ðσ1α21 þ σ2α

2
2Þ −

ðσ1α1 þ σ2α2Þ2
σ1 þ σ2

�
: ð6Þ

Here, the first term, the lattice thermal conductivity (κL),
is set in the model to have some temperature dependence.
At high temperature, Umklapp scattering dominates, which
has a T−1 dependence. The second term is the electronic

thermal conductivity, which depends on the temperature,
electrical conductivity, and Lorentz number (L). The third
term is bipolar thermal conductivity.

III. RESULTS AND DISCUSSION

A. Synthesis and characterization

Most previous reports of ZrTe5 properties have been for
single crystals grown by a chemical-vapor-transport method.
For these crystals, the Seebeck coefficient is linear at low
temperature, changes fromn top type near 130K, and has an
absolute value of approximately 100–200 μVK−1, while the
temperature-dependent resistivity has a peak around 130 K,
which is a few times higher than the room-temperature
value [13,14,43–49]. Recently, a tellurium self-flux-growth
technique was used to synthesize single crystals, an alter-
native to the traditional vapor-transport growth [25]. These
flux-grown crystals exhibit similar behavior as chemical-
vapor-transport single crystals in general, though there are
some key differences when compared with vapor-grown
crystals. For example, ρ does not trend toward zero at 0 K,
the n-type α is significantly larger in magnitude, and most
important, the temperature is much lower for the n-p
transition and resistivity peak, around 60K. These differences
indicate that synthesis techniques are very important in
determining the properties of ZrTe5. In addition to the
influence on differences in the TE properties, both the
vapor-growth and self-flux techniques produce needlelike
single crystals which are small and can present challenges
for property measurement and sample loading. Finally, there
are seldom reports of the thermoelectric properties above
300 K [13], which would provide a more complete under-
standing of the transport. To resolve these issues, we
synthesize the ZrTe5 samples by solid-state reaction and
hot pressing, producing large, bulk, polycrystalline samples
for study across the entire temperature range, approximately
0 to 700 K.
ZrTe5−xIx samples are prepared by solid-state reaction

and hot pressing with powder XRD used to monitor the
sample purity at room temperature (see Fig. S1 in the
Supplemental Material [50]). Rietveld refinement is per-
formed by the WinCSD program package [51] on the hot
pressed undoped sample [52], and the result is shown in
Fig. S2. All compositions labeled in the text and figures are
the nominal composition. Additional details on x-ray
diffraction, Rietveld refinement, and raw transport data
can be found in the Supplemental Material [50]. The
samples are nearly phase pure after solid-state reaction
as well as following hot pressing. The geometric density of
the hot-pressed samples is greater than 98% of the
theoretical density for ZrTe5. The Seebeck coefficient
and resistivity for the polycrystalline ZrTe5−xIx samples
are shown in Fig. 2. While the ZrTe4.85I0.15 sample exhibits
properties largely similar to previous reports on chemical-
vapor-grown single-crystal samples, the behavior of
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undoped polycrystalline ZrTe5 is quite different (Fig. 2).
The Seebeck coefficient for the latter is always positive,
and the resistivity peak is shifted to a lower temperature,
closer to 60 K, in addition to being smaller in magnitude
relative to ρ300 K.
The resistivity (ρxx) and Hall resistance (Rxy) as a function

of magnetic field are shown in Fig. 3 for these polycrystal-
line samples. At low temperatures, ρxxðBÞ shows an anti-
localization minimum at B ¼ 0 typically associated with
strong spin-orbit coupling typical to the valence band and
also the conduction band for narrow-gap materials [53]. This
behavior could also be attributed to topological surface
states, possibly at grain-boundary interfaces. Numerous
unconventional effects have previously been observed in
single crystals at low temperatures, including the chiral
magnetic effect [28,29], Lifshitz transition [25,54], van Hove
singularity [55,56], Zeeman splitting [57,58], and topologi-
cal effects [31,33,34,53,54,59]. This measurement demon-
strates that some of the unconventional effects previously
observed at low temperatures in single crystals persist in
polycrystalline samples as well. However, at higher temper-
atures, these effects are less important in their contributions
to the transport behavior. As the temperature increases,
ρxxðBÞ in Fig. 3(a) is less dependent on magnetic field over
the relevant magnetic field range, deviating at most �25%
around the mean value, with a sharp curvature only at the
lowest temperature. Thus, we define an arbitrary cutoff of
150 K, above which we argue that a Drude-like model with
no consideration of phase-coherent effects can approximate
the observed behavior but below which a more careful model
including weak antilocalization is needed. The Hall resistance
forZrTe4.85I0.15 is consistentwithpreviousmeasurements [25]

and with Seebeck coefficient measurements showing n-type
conduction at low temperatures and switching to p type at
higher temperatures, while undoped ZrTe5 remains p type at
all temperatures, again consistent with Seebeck coefficient
measurements. Both of the polycrystalline samples show
nonlinearity of Rxy with B at lower temperatures, possibly
indicatingmore than one carrier contributes to conduction. As
the temperature increases, Rxy becomes linear with B,
indicating a single charge carrier dominates.

B. Two-band modeling

Although there are prominent features in the low-
temperature magnetotransport associated with spin-orbit
coupling and phase-coherent scattering, as we shall dem-
onstrate, the higher-temperature properties above 150 K
can be reproduced with a simple two-band model for all of

FIG. 2. Seebeck coefficient and resistivity for polycrystalline
ZrTe5 and ZrTe4.85I0.15. Dashed line at 130 K indicating
resistivity peak and Seebeck coefficient crossing zero for
ZrTe4.85I0.15. Undoped ZrTe5, by contrast, has a lower temper-
ature resistivity peak and stays p type over the full temperature
range.

FIG. 3. Resistivity (a) and Hall resistance (b) for both ZrTe5
and ZrTe4.85I0.15 at select temperatures (well below, near, and
well above the transition).
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the transport coefficients in this high temperature range. In
addition, the qualitative trends at low temperature can also
be reproduced with the same parametrization. We, there-
fore, propose a simplified two-band model that clarifies the
significantly different properties observed in the ZrTe5
samples produced by different methods (polycrystalline,
flux, or vapor grown) and offers insight into the phenomena
of the resistivity peak and Seebeck coefficient switching
from n to p type. Using this simple two-band model with
one valence and one conduction band, we can describe the
thermoelectric properties observed for various samples by
changing only the doping level.
The effective mass model used here is similar to the

single parabolic band model commonly used in thermo-
electrics, but it considers contributions from two bands
(one conduction and one valence). To construct the model,
we fix a number of parameters based on previous exper-
imental and computational studies and then determine the
mobility needed to explain the experimentally measured
transport properties. The Boltzmann transport equations
have previously been derived assuming the Drude model
for mobility and an energy-dependent scattering time τ ¼
τ0Eλ−1=2 (λ ¼ 0 for the acoustic phonon) [60]. For the fits to
the polycrystalline ZrTe5−xIx samples, we fix the isotropic
electron and hole Seebeck mass as me ¼ 0.5 m0 and mh ¼
0.15 m0, respectively, and the band gap as Eg ¼ 0.02 eV.
The number of donors for the iodine-doped sample is fixed
at Nd ¼ 1.1 × 1018 cm−3, while for the undoped ZrTe5
sample, the number of acceptors is Na ¼ 4.5 × 1017 cm−3.
To appropriately fit the data, we find that the masses, their
ratio, and the band gap are required to be within a relatively
narrow range. For example, it is only possible to fit the
model to experimental data when the band gap is set
between approximately 0.015 and 0.03 eV. Previous
experimental studies using a variety of techniques have
found that the band gap of ZrTe5 can be anywhere from
100 meV to a gapless semimetal [27,28,31–35,54,61].
However, recent ARPES studies observed a 40-meV band
gap at 255 K which decreases with decreasing temperature
[54], while another measured a gap of 18–29 meV [62].
We find that the model works best with a gap of 20 meV.
As this is an effective mass model, we cannot definitively
determine each of the parameters without more experi-
mental data; we can suggest only general ranges and ratios
of the parameters. Additionally, an isotropic model is used
here, whereas the transport properties in ZrTe5 are aniso-
tropic [58,63,64]. The transport properties are expected to
be anisotropic due to the structure of ZrTe5 and needlelike
growth of single crystals. However, the solid-state reaction,
grinding, and hot-pressing procedure used here produces a
sample that is not textured, as seen in the Rietveld refine-
ment. Instead, the sample is a collection of randomly
oriented grains such that the properties for each direction
are averaged out, allowing the use of a simpler, isotropic
model here.

The experimental properties for both polycrystalline
samples, as well as the model using two different doping
levels, are shown in Fig. 4. The model fits the data
reasonably well in the range of 200–600 K. The resistivity
as a function of the temperature is well described by this
effective mass model across the entire temperature range
[Fig. 4(a)]. The Seebeck coefficient data fits well at high
temperature [Fig. 4(b)]. The model deviates from the
experimental data at low temperatures, though this is to
be expected. As discussed previously, the unconventional
transport effects start to dominate in these polycrystalline
samples at low temperature. The modeled Hall coefficient
qualitatively reproduces the trends observed in the exper-
imental Hall coefficient [Fig. 4(c)], which is determined
using a linear fit to the low-field Rxy vs B data.
The resistivity and Seebeck coefficient behavior for the

ZrTe4.85I0.15 sample is very similar to previous reports for
chemical-vapor-grown single crystals, showing n-type
behavior at low temperature. The Seebeck coefficient is
n type at low temperature and increasing in magnitude
as the Fermi level is initially in the conduction band and
moving toward the gap with increasing temperature. The
temperature where the Seebeck coefficient crosses zero
and the resistivity is at a maximum (approximately 130 K in
this case) is where the Fermi level nears the middle of the
gap. With increasing temperature, the Fermi level continues
toward the valence band as the material becomes more p
type. Finally, after the Seebeck coefficient reaches its
maximum p-type value, it then decreases linearly with
the temperature, when the Fermi level becomes effectively
pinned within the valence band (see Fig. 1). As we
demonstrate later, the initial position of the Fermi level
in the conduction band is what controls the temperature
at which α ¼ 0 and the resistivity is peaked. On the other
hand, for the undoped polycrystalline ZrTe5, the Seebeck
coefficient is always positive due to the Fermi level residing
in the valence band. At low temperatures, the Fermi level
moves toward the gap leading to the linear increase in α,
and eventually, it is pinned within the valence band.
The model for κ [Fig. 4(d)] considers Umklapp scattering

as well as the electronic and bipolar contributions to total
thermal conductivity. Umklapp scattering dominates at
higher temperatures and has a T−1 dependence which fits
the data well at higher temperatures in the area of interest
for zT predictions. Below 200 K, the model fit to the
experimental data is not as good, partly due to the use of
a PPMS for low-temperature measurements which uses a
direct measurement technique that is uncorrected for
radiation. The fit below 200 K is not expected to be exact,
as the measurement technique differs, and other scattering
mechanisms (i.e., point defect or boundary scattering) may
play a role at lower temperatures. Because of the layered
crystal structure, κ is fairly low. Though ZrTe5 is predicted
to have a lattice thermal conductivity of 1.8 Wm−1 K−1 at
300 K [19], the initial reports in single-crystal ZrTe5 found
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κ ∼ 8 Wm−1 K−1. However, due to the small size and
needlelike shape of the single crystals measured previously,
there may be a significant error in the initial report of
thermal conductivity. These measurements demonstrate a
much lower total thermal conductivity, experimentally
confirming the prediction [Fig. 4(d)] in line with previous
measurements [65]. This difference in the thermal conduc-
tivity is expected due to the polycrystalline nature, but it is
also partly due to the measurement technique allowed by
the larger size and shape of these samples. Our polycrystal-
line ZrTe5 samples exhibit a total thermal conductivity
4 times lower than that measured for single crystals along
the a axis, so while the power factor is reduced, the overall
zT [Fig. 4(e)] is higher.
In most thermoelectric materials, it is sufficient to

assume solely acoustic phonon scattering for modeling
purposes, as they tend to be investigated at temperatures
above 300 K. However, for these pentatelluride systems,
the thermoelectric behaviors of interest occur below 200 K,
where other scattering mechanisms can play a significant
role. For example, in Si and Ge, ionized impurity scattering
dominates the temperature dependence of mobility at low
temperatures, while acoustic phonon scattering is more
important at higher temperatures [60]. The Fermi integrals
used in this model are for λ ¼ 0 acoustic phonon scattering,

since we are primarily concerned with high-temperature
properties while the model is not expected to fit precisely at
low temperatures due to the reasons discussed previously.
The mobility used to fit the measured properties is shown
in Fig. 4(f). The modeled mobility for both the conduction
and valence bands has a temperature dependence close to
T−3=2 above 100 K, in agreement with acoustic phonon
scattering.
In addition to the low-temperature effects discussed

previously, there is another contribution to the discrepancy
between the measured and modeled Seebeck and Hall
coefficients. Because of the complex nature of the penta-
tellurides with a small band gap and layered structure,
density-functional-theory calculations of the band structure
have not always been in agreement [31,34,61,66].
Additionally, the calculated band structure is sensitive to
the parameters used, including the temperature, stress or
strain induced by chemical substitution, and pressure
[27,58,59]. However, calculations typically show a single
hole pocket centered around Γ with much higher energy
than other pockets, while the conduction band has numer-
ous pockets at comparable energy levels. As T increases,
these pockets contribute to conduction leading to an
increase in the Seebeck effective mass. This increase in
mass is due to carriers being thermally generated across the

FIG. 4. Smoothed experimental data (symbols) for (a) resistivity, (b) Seebeck coefficient, (c) Hall coefficient, (d) total thermal
conductivity, and (e) zT. Also shown are the modeled properties (lines) with two different carrier concentrations using the parameters
listed in the text. In (e), the total (solid) and lattice plus bipolar (dashed) thermal conductivity using the model are shown. The modeled
mobility is shown in (f) with dashed lines representing T−3=2.
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small gap due to broadening of the Fermi-Dirac distribution
with the increasing temperature. A better fit to the exper-
imental data can be achieved by either adding a third
band or employing a temperature-dependent effective mass
or band gap, but because exact fits are not expected due to
the unconventional effects at low temperatures as previ-
ously discussed, the introduction of additional fitting
parameters is not warranted. Nonetheless, this model does
qualitatively reproduce the trends as a function of the
temperature for the various property measurements.

C. Effect of varying carrier concentration

The two-band model fit to the experimental data can be
extended to simulate properties at carrier concentrations
not used for modeling, as shown in Fig. 5. This is done by
adjusting the initial doping level in the calculations akin
to experimental carrier concentration tuning using external
dopants. As the p-type carrier concentration is increased,
the peak in the Seebeck coefficient moves to a higher
temperature and lower magnitude, while the resistivity peak
decreases in magnitude. As the n-type carrier concentration
is increased, the n-type Seebeck coefficient crosses 0 at
a higher temperature for higher doping levels, while
the resistivity peaks at a lower magnitude but a higher
temperature. This qualitative behavior is in good agreement
with previous measurements of single crystals with differ-
ent carrier concentrations. Reports of iodine-vapor-grown
crystals show nH of approximately 1 × 1018 cm−3 at room
temperature and an n-p transition temperature of about
130 K, while self-flux-grown single crystals had values of
5 × 1016 cm−3 and 60 K [13,24,25]. The trends from the
two-band model in the Seebeck coefficient and resistivity
are also in agreement with experiments where rare-earth
elements are substituted for the transition metal (see Fig. S5
in the Supplemental Material [50] and Ref. [67]). The
model predicts that at high n-type carrier concentrations, a
negative Seebeck will persist to higher temperatures, as has
been experimentally found for Hf0.99Ta0.01Te5 up to at least
300 K [68].
As was previously discussed, the synthesis route used to

produce the ZrTe5 samples has a dramatic effect on the
observed properties. Our model shows that the cause of the
various properties found in different crystals is the carrier
concentration variation due to processing. The traditional
route for making single crystals of ZrTe5, chemical-vapor-
transport synthesis, is thought to produce pure samples.
Iodine is used as the vapor-transport agent, so even though
the crystals are washed after this procedure, it is unlikely
that all iodine is removed. Substitution of I for Te will act as
an electron donor causing n-type transport at low temper-
atures before the higher-mobility p-type conduction domi-
nates as the carriers are thermally activated. Our model
demonstrates how variations in the carrier concentration,
in this case, due to unintentional doping with iodine,
change the properties. This is experimentally verified by

measurements on undoped and iodine-doped polycrystal-
line samples. Additionally, the differences between Te self-
flux-grown single crystals and undoped polycrystalline
samples can be explained in the context of this model.
ZrTe5 is considered a line compound, though there is
actually a finite phase width. So, while both the flux
and solid-state reactions consist of only Zr and Te (no I), the
ratio of the two elements may vary in the samples produced
by different methods. This Zr:Te ratio will lead to changes
in carrier concentration due to differences in actual (not
nominal) stoichiometry. For example, Te vacancies caused
by the high vapor pressure of tellurium will act as electron
donors. Our model shows that the temperature and magni-
tude of the ρ peak as well as the n-p transition of α can
be tuned by adjusting the carrier concentration accom-
plished through careful control of the Zr:Te ratio or dopant
concentration.

FIG. 5. The (a) Seebeck coefficient and (b) resistivity as a
function of the temperature in polycrystalline ZrTe5 for different
doping levels (cm−3) of both p (solid) and n-type (dashed)
carriers.
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D. Tuning model to optimize thermoelectric
performance

Because of the reasons previously stated, we do not
expect the model to be accurate at low temperatures, but the
properties are well fit in the range of 200–600 K, where the
peak zT is observed. Figure 6(a) shows the zT as a function
of the temperature for various doping levels, while Fig. 6(b)
shows the zT vs doping level for both p- and n-type
samples at various temperatures. With low doping levels,
bipolar conduction sets in by 200 K, leading to modest zT.
However, as the doping level is increased, the maximum zT
increases as the Fermi level is pinned into one band or the
other. Controlling the carrier concentration allows for
optimization of the zT in a desired temperature range.

Using the model for predictions, strategies can be devised
for optimizing the thermoelectric performance of ZrTe5.
By increasing the band gap, minority-carrier contributions
can be suppressed, increasing the zT to approximately 0.4
at 300 K. Increasing the band gap can be achieved by
substitution of Se for Te, as demonstrated previously [68].
Using our two-band model, we can estimate the zT con-
tributions of each band independently. From this, we observe
that engineering the composition such that the mobility of
the minority carrier is reduced by a factor of 10 will also
increase the zT at 300 K to approximately 0.35 for p type.
A two- to threefold reduction in the lattice thermal conduc-
tivity through grain size reduction, softening of the lattice,
alloying, or other strategies will potentially lead to a zT near
1 at room temperature. Furthermore, by controlling the
carrier concentration through doping, n and p legs can be
made in the ZrTe5 system, providing the opportunity to
make modules out of a single compound, thus, mitigating
issues with chemical and thermal compatibility.

IV. CONCLUSIONS

The details of transport in the HfTe5 and ZrTe5 systems
have been debated for many years due to the exotic
transport properties observed in single crystals. The meas-
urement of polycrystalline ZrTe5 samples reveals p-type
behavior at all temperatures, leading to a conjecture that the
system can be explained as a semiconductor. Doping ZrTe5
with iodine leads to properties similar to previous reports
on single crystals, with an n to p transition near 130 K,
suggesting that prior work on pentatellurides may have
been contaminated by residual iodine from the typical
iodine-vapor-transport synthesis. A two-band model is
constructed which accurately describes the properties of
polycrystalline samples as well as explains the behavior of
both flux- and vapor-grown single crystals. The model has
a temperature-independent band gap of 0.02 eV, a valence
band with a higher mobility, and a conduction band with a
higher effective mass. The experimental data are consistent
with a semiconductor having a positive finite gap where the
anomalous resistivity peak and change in Seebeck coef-
ficient can be simultaneously explained. Finally, the model
allows for prediction of zT by carrier concentration tuning
and other strategies to optimize the thermoelectric perfor-
mance. ZrTe5 is promising for practical applications, as a
thermoelectric device can be constructed out of a single
material used for both legs.
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