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Effect of ion bombardment and annealing on the electrical properties
of hydrogenated amorphous silicon metal-semiconductor—metal structures

J. 0. Orwa,® J. M. Shannon, R. G. Gateru, and S. R. P. Silva
Advanced Technology Institute, School of Electronics and Physical Sciences, University of Surrey,
Guildford, Surrey GU2 7XH, United Kingdom

(Received 20 August 2004; accepted 21 October 2004; published online 27 December 2004

The electrical properties of hydrogenated amorphous siliee®i: H) metal-semiconductor—-metal
(MSM) devices are investigated as a function of Si bombardment dose prior to and after annealing.
We observe that conduction in unbombarded devices is surface-barrier controlled whereas it is bulk
controlled in bombarded devices. The resistance decreases with bombardment dose in a manner
consistent with increased hopping conductivity in highly damaged structures. A relative permittivity
of between 8 and 12, depending on dose, was calculated from experimental Poole—Frenkel plots for
bombarded devices. These values compare closely with the theoretical relative permittivity for
amorphous silicon of 11.7 and confirm that conduction is by Poole—Frenkel mechanism. For
bulk-controlled conduction, we observe an increase in the zero-field Coulombic trap barrier height
with decreasing dose, ranging from 0.53 for a Si dose ®f18' cm? to 0.89 for a dose of 2

X 10* cm™2. We attribute this to a decrease in the concentration of charged defects with decreasing
dose and find that the change in concentration of charged centers needs to be about 4
X 10*° cm ™2 to account for the change of 0.35 eV from the lower to the upper dose. Activation
energies obtained from Arrhenius plots of current density against temperature varied with dose and
temperature in a similar way as Coulombic barrier height. We explain these results in terms of the
variation in the number of charged defect centers with dose and annealing temperature and a shift
in the Fermi level. €2005 American Institute of PhysiddOI: 10.1063/1.1834710

I. INTRODUCTION of doses and patterned into 28@00-um?-size devices, thus

) o o ~allowing a study of the electrical properties as a function of
Following the initial investigations on chalcogenide yoge

glasseb in the early 1960s, reversible switching has been Unlike most previous bombardment wlflawvhere low-
studieg in a variety of thin-film materials including nickel energy ions were used to damage the top metal—
oxides, amorphous silicorl, hydrogenated amorphous semiconductotMS) interface region as a way of modifying
silicon” and, more recently, hydrogenated amorphouspe schottky barrier, we have implanted Si deep into the
(silicon-richy silicon _carb|de5.' A typical switching device  mjqgle of thea-Si:H layer so that the damage extends to
consists of a thin-film material sandwiched between twoyithin the bulk of the active region. This is intended to en-
metal contacts, forming a metal-semiconductor-metalye that both the Schottky barrier and bulk transport prop-
(MSM) or metal-insulator-metadMIM) device. A suitable  g(iies are affected. By self-implanting Si, we eliminate any
voltage pulse applied to the top contact of the device causes,emical effects so that any changes in conductivity of the
a transition from a high to a low resistance state in a procesgeyice are due only to damage created in the form of dan-
called forming. Once formed, the device can be switchedyjing honds and not as a result of doping. Information gained
back and forth between the two states by applying a slightlfom this study will be useful in explaining some of the

lower voltage pulse of alternating polarity. A prerequisite in y,sttorming electronic switching behavior of these devices.
the practical application of MSM structures as switching de-

vices is reproducibility in forming voltages and on-
resistances. Research has shown that this can be achievedIByEXPERIMENTAL PROCEDURE
introducing defectdy desigrninto the MSM structure prior to A layer of Cr, 100 nm thick, was sputtered on a
forming. Techniques such as current stres7s'mlgﬂ dopiné 2X2-in. glass substrate to form the back contact. On this
have been used in the past to introduce defects. lon-beamas deposited a 70-nm layer afSi:H by plasma-enhanced
bombardment, more recently used, produces dangling bondshemical-vapor depositiofPECVD) (SiH,~320 °Q fol-
which form defect states in the band gap of the semicondudewed by 150 nm of insulating SiN deposited by reactive ion
tor material. This study examines the electrical propertiessputtering of silicon in a nitrogen atmosphere. The resulting
prior to forming, of a thin film of hydrogenated amorphous structures were ion-beam bombarded by 30-keV Si at doses
silicon (a-Si: H) sandwiched between Cr contacts, with glassof 2x 102 5x 10*2, and 5< 10" cm2. The bombardment
as the substrate. The film was bombarded with Si to a rangenergy was chosen so that the end of the range was roughly
in the middle of thea-Si:H layer. Finally, a 60-nm Cr layer

dAuthor to whom correspondence should be addressed; electronic mai/as sputtere_d to make the top C_O_ntaCt- Appropriate masks
j.orwa@surrey.ac.uk were used with each layer deposition to create hundreds of
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Glass

FIG. 1. A cross-sectional view of the samples studied showing the different
layers.

InJ (Acm?)

devices with dimensions of 200200 um? on the 2x 2-in.

glass substrate. A cross-sectional view through the structures
studied is shown in Fig. 1. Current-density—voltade-V)
measurements were first carried out on as-deposited devices
using a computer-controlled Keithley 236 Source-Measure
unit. Samples were then furnace annealed in a nitrogen en-
vironment for 30 min at 423, 473, 523, 573, and 623 K and
allowed to cool down to room temperature following each
annealing before recording tlde-V data. Activation energies

were deduced from the temperature-dependeiM data. 0 50 100 150 200 250
IEI113 (vcmd)‘lll

I1l. RESULTS AND DISCUSSION FIG. 3. Poole—Frenkel plots showing an increase in current and symmetry

] with dose.
Figure 2 shows thd-V plots for the unbombarded and

devices bombarded with Si at X210', 5x10Y% 5

X 101 cm 2 doses. The asymmetry observed in they  these tail states into the forbidden gap indicates the strength
spectra between the positive and negative biases in the uff the band tails and is proportional to the concentration of
bombarded sample indicates that the conduction is Schottky€2ak silicon—silicon bonds. For bombarded materials, an in-
barrier controlled. From the magnitude of the saturated curcréase in dose increases bond-length and bond-angle disorder
rent density at zero electric field, the Schottky barrier height®S Well as concentration of weak silicon-silicon bonds,
for the unbombarded sample are approximately 0.90 an¥hich are manifested as an increase in the strength of the
0.84 eV for the top and bottom contacts, respectively. In agband tails. Furthermore, the broadening of the band tails re-
dition to the asymmetry, the unbombarded device display§Ults in an increase in the concentration of silicon dangling
the least current. For the bombarded devices, Fig. 2 and Bonds, many of which are charged. As previously ndte,
show that there is a progressive increase in currentland  the increase in current and symmetry with dose can be attrib-
curve symmetry with dose. It is well known that long-range Uted to an increase in the density of defects in the bulk of the
disorder in amorphous materials causes the abrupt barffSi:H. These changes, in particular, the increasd-#v
edges typical of crystalline materials to be replaced by &ymmetry, indicate that the introduction of defect states
broadened tail of states extending from the conduction an@hanges the conduction mechanism from Schottky barrier to

valence bands into the band gap. The degree of extension Blk controlled. o
The large amount of damage created whenatt®: H is

1x10° bombarded with Si suggests that bulk conduction could be

E by hopping between defects via a Poole—Frenkel-type
5x102 mechanism. The Poole-Frenkel effect is the thermal emis-
sion of charge carriers from Coulombic traps in the bulk of a
dielectric or semiconductor, enhanced by the application of
an electric field, which lowers the surface-barrier height on
2x10" one side of the trap, thereby increasing the probability of the
electron escaping from the trap. The Poole—Frenkel current
Unbombarded density is given b

_ _ Q- ,B\E
I= % eXp< &T ) ' @)

%10 |

1x10° |

Current density (Acni?)

x10® |

0 Ly el . . whereE is the applied electric fieldy the electron charge,
06 04 02 0 02 04 06 and ¢ is the zero-field Coulombic trap barrier height. The
Voltage (V) parameter¢ in the denominator fluctuates between 1 and 2

FIG. 2. J-V curves for unbombarded device and devices bombarded with Sgependmg on the level of damabzeThe Poole-Frenkel co-

at doses of X 1012 5x 102 and 5x 101 cni2. The obvious asymmetry  €ffiCient, B, is related to the dielectric constan, of the
seen for the unbombarded device is absent in the bombarded samples. material and is expressed as
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08 such as those involving oxygen do introduce dohbrs the
oxygen content would need to be extremely high to shift the
Fermi level over the range needed to account for the change
of the Coulombic barrier. Similarly the change in the Poole—
Frenkel coefficiertf is not sufficient to explain these effects.
It therefore seems likely that the reduction in barrier height is
due to the presence of a large concentration of charged
defects.

It can be showtt that a charged defect in the vicinity of
a center emitting a carrier will lower the barrier by an
amount inversely proportional to the separation between the
two centers as

4
o

Coulombic barrier height (eV)
1= =]
> N

N T
0 2x10™ 4x10" 6x10' o

AEp = (4)

mEgE o

Dose (cm*)

FIG. 4. Coulombic barrier height vs dose showing a decrease in the barri

, : Svherer, is the distance between the centers. Thus, knowing
height as dose increases.

r,, the associated change in the charge density can be calcu-
lated. Since the average separation is proportional to the
o @ cube root of the number of charged defe¢ct), the
TeoE, change of barrier height decreases rapidly with increasing
dose as is indeed seen in Fig. 4. From @&ywe find that the
wheree, is the permittivity of free space. Equatiof) pre-  concentration of charged centers needs to be about 4.1
dicts an increase in current with increasing field due to thex 1019 cy3 to account for the change of 0.35 eV from a
effective reduction in the ionization potentiah, by BVE. In . hombardment of X 1012to 5x 103 cm2 Si dose. Since
order to determine if conduction is by the Poole-Frenkelesch ion has an energy of 30 keV and most of the slowing

:8:

mechanism, Eq(1) may be rewritten as down is via atomic displacements with a threshold energy of
~25 eV, there will always be a large cascade of displace-

_ B _ 9% .
InJ= ng\eE+ In Jo &T)" (3 ments per ion. We calculate that for a dose of 4.8

_ X 10 cm?, every atom in the layef~5x10°2 cm™®) is
A plot of the natural logarithm of againstyVE (see Fig. 3  displaced at least once. It is therefore easy to generate a
reveals near-perfect symmetry in the curves as dose indefect density of 4.X 10'° cmi3,
creases, indicating a shift from Schottky barrier to bulk- Large concentrations of charged defect states are not un-
controlled conduction via Poole—Frenkel mechanism. By usexpected ina-Si:H since dangling-bond states are amphot-
ing Egs.(2) and(3) we have extracted a relative permittivity eric and, as predicted by the defect pool mddef, these
of 12.7 for the 5< 10" cm™ Si dose sample and values of states can be positively or negatively charged or neutral. In
8.9 and 8.6 for the %10 and 2x10*? cm? Si dose equilibrium the net charge will be zero but, following bom-
samples, respectively. For the unbombarded sample,(Egs. bardment, the distribution of dangling-bond states will be
and(3) give a relative permittivity of 24.1. This is an unre- well away from equilibrium. Annealing up to the equilibra-
alistic result which, together with the lack &V curve sym-  tion temperaturg ~240 °C in a-Si:H) will, however, re-
metry between positive and negative biases, indicates thatove excess dangling-bond defect states leaving behind a
conduction in unbombarded devices is not by the Poole+esidual disorder, which depends on the original danige.
Frenkel mechanism. The close agreement between our e¥his residual disorder determines the distribution of the re-
perimental relative permittivity for bombardes#Si:H and  maining dangling-bond states and the strength of the band
the theoretical result of 11.7, together with the excellent symtails.
metry in theJ—V curves for the bombarded samples, on the  Figure 5 shows the room temperatureV data for the
other hand, confirms that conduction in these highly damsample implanted with & 10'3 cm™ Si dose following an-
aged structures is by the Poole—Frenkel mechanism. nealing at 423, 473, 523, 573, and 623 K. The samples were
Figure 4 shows that as dose increases, the Coulombicooled to room temperature before recordingdh® curves.
barrier height ¢, decreases, ranging from a value of 0.89 V With the increase in annealing temperature, we note a de-
at a dose of X102 cm? down to 0.53 V at a dose of 5 crease in the current density and an increase in the asymme-
X 10* cm™2. There are three possible explanations for theséry of the J-V curves, indicative of the recovery of the struc-
variations: a change in the Fermi level, a chéﬁgm‘ the ture towards the reference unbombarded state. However,
Poole—Frenkel coefficient, or the presence of high concentrasome residual damage always remains and the reference
tions of charged defects. Since the material is undoped anclirves cannot be fully recovered for the temperature range
silicon bombardment does not introduce donors or acceptorivestigated. As shown in Fig. 6, the dependence of the Cou-
it is unlikely that there is much change in the position of thelombic barrier height on annealing temperature below 523 K
Fermi level with bombardment dose. Furthermore, in ais not very uniform for the different doses. While the lowest-
highly damaged nonequilibrium material, the Fermi leveldose sample shows a decrease in this temperature region, the
should be near the center of the band gap. Defect complexdsgghest dose shows an increase and the intermediate dose
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FIG. 5. J-V curves showing a decrease in current density with annealing

temperature. The curve labeled unannealed was implanted with 5 FIG. 7. Arrhenius plots of current density against temperature.
X 10" cm2 Si but not annealed. As the annealing temperature increases, the

J-V curves become asymmetric and shift towards the unbombarded refer-

ence, indicating a partial recovery of the structure. To verify our Coulombic barrier height results, we have
performedJ—V measurements at various temperatures and

displays a fluctuating value. The decrease in Coulombic ba’r_extracted the_ activz_ition energy from th_e Arrhenius_ plots of
rier height with annealing temperature is unusual and weurrent dgnsny against temperatysee Fig. J according to
attempt an explanation below when we address the activatiotr}?e equation
energy results. Between 573 and 623 K the activation energy qE
increases for all samples studied. In all cases, however, the J=Aexp<— —A). (5)
barrier height decreases with dose at all annealing tempera- kT

tures in a S|m!lar manner, as shown in Fig. 4. Th_e increase ify £ (5), 3is the current densitE, the activation energy,
the barrier height with temperature can be explained in termp +he Boltzmann constant, ardthe ambient temperature in

of dgfect Qen5|ty as was done for dependence of Qoulgmb'kelvin. The activation energigéilled markers are plotted in
barrier height on dose. Annealing causes a reduction in thgig_ 6 to allow comparison with the Coulombic barrier
number of defects and increases their separation. As Sepalgsight(open markens In general, the activation energies ob-
tion between centers gets larger we expect the current to drocBined from Eq.(5) are lower than the corresponding Cou-
as the probability of hopping irom center to center decrease%mbic barrier heights derived from the Poole—Frenkel equa-

‘t’)Vh'C.h cr(])ulldhexpl";l:n the olpserved increase in the CC’momb'?ion because the latter is obtained by extrapolating to zero
arrier height with annealing temperature. electric field whereas the activation energy was measured at
2 V. After adjusting the values for the activation energy by

Tr — adding8\E, the resullts are closer togethsee adjusted data
@ Activation energy i 2 o . .
O Coulombic barrier height ~ 2X30 for 2x 10" Si dose in Fig.  and can be made to nearly
§ coincide by the addition of a further constant. What this im-
% 09T plies is a scaling factor that is not field dependent, but pos-
g sibly dictated by either geometric or physical conditions. The
T os | similarity in the dose and temperature variation of the Cou-
g lombic barrier height and the activation energy shows that
A | conduction in these bombarded devices indeed occurs by
g 07 | hopping in a manner consistent with the Poole—Frenkel
g mechanism. The observed decrease in both the Coulombic
5 os [ barrier height and the activation energy with dose is an indi-
g ! cation that the large number of defects created at higher
doses causes the density of hopping centers to increase.
Y P N The initial decrease in activation energy with annealing
400 450 500 550 600 650 temperature observed in Fig. 6 is anomalous. One would

Temperature (K) expect the decrease in current with annealing temperature
observed in Fig. 5 to be due either to a fall in the concentra-
FIG. 6. Dependence of Coulombic barier heighpen markersand acti- —tjon of hopping centers or an increase in the activation en-
vat!on gnerg)(fllled mark('ersfm annealing temperattzjre. After adjusting the ergy or both. In a highly damaged nonequilibrium material,
activation energy by addingVE (curve labeled X 10'%-adj), the results are . . .
closer together. The labels on the curves refer to Si bombardment dos8UCh as is the case after bombardment and prior to annealing,

(ions cn3). the Fermi level should be near the center of the band gap.
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Annealing generally causes passivation of defects and so waur experimental relative permittivity and the theoretical re-
expect a fall in the number of hopping centers as partiabult suggests that bulk conduction is by Poole—Frenkel
recovery of the preimplantation structure is achieved. Thignechanism. This is confirmed by the similarity in dose and
recovery should push the Fermi level closer to its intrinsictemperature variation between Poole—Frenkel-derived Cou-
value and this manifests itself as a higher activation energjombic barrier heights and activation energies obtained from
as observed for temperatures above 500 K. Yet, the datArrhenius plots. The decrease in activation energy with de-
clearly show a drop in both activation energy and Coulombiacreasing current is anomalous and could be due to a shift in
barrier height between 420 and 520 K. Taken together witlihe Fermi level towards the band edge.

the lower conduction shown in Fig. 5, it could mean that at

low annealing temperatures, defects are initially redistribute ACKNOWLEDGMENT

prior to being passivated. The ordering at low temperatures
could cause the decrease in activation energy while defe%3S
passivation at higher temperatures would push the Fermi
level towards the band edge as well as increase the distancg g oyshinsky, Phys. Rev. Let21, 1450(1968.

between hopping centers. The overall result would be ar?. F. Gibbons and W. E. Beadle, Solid-State Electrn785 (1964).
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