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We present a detailed analysis of the voltage dependence of dangling bond recombination in
microcrystalline silicorp-i-n diodes observed in the forward dark current at room temperature by
electrically detected magnetic resonatE®MR). The EDMR response is numerically simulated

with physically reasonable parameters that are well suited to fully describe the electronic behavior
of the diodes. A sign reversal as observed for amorphous silicon diodes is predicted at high voltages.
The basic mechanism causing the sign reversal is shown to be due to space charge. The high
sensitivity of the EDMR response to various material parameters is demonstra@@®4@merican
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A unique experimental method that allows direct accesss analyzed by means of numerical device simulations. In
to recombination in amorphous silicda-Si: H),? crystal-  addition, we will show that the EDMR behavior is very sen-
line silicon®° and microcrystalline silicofiuc-Si:H)* de-  sitive to the defect densit{N,), electron and hole mobility
vices is electrically detected magnetic resona(EBMR). (me/ un=3), band tail slope, and the external series resistance
The key advantage of EDMR is its high sensitivity and se-(Rg). Details of the experiment and the simulation software
lectivity for certain paramagnetic states. This is due to thavhich numerically solves the semiconductor equations can
fact that the paramagnetic states are identified through smake found in Refs. 11 and 13, respectively.
conductivity changes induced by electron spin resonance The EDMR response of the dark current is defined as
(ESR. Thus, the influence of a specific recombination chan-AJ/J=(J*-J)/J whereJ* and J are the dark currents with
nel on device performance can be studied. For the interpreand without applied microwave, respectively. For the simu-
tation of the EDMR results, numerical device models arejation of J*, the capture cross section for electrons into neu-
indispensable to account for the complex interplay betweefa| stategdefects occupied by a single electyomincreased
recombination and transport, especially when space-chargg, 5 small fractiorAo/o=0.25%. The magnitude afo/ o
effects due to localized states become important. This is thg determined by the ratio of the singlet and triplet capture
case inuc-Si:H. The key advantage of EDMR modeling is rate coefficients. The capture cross section of positively
the fact that the influence of a single material parameter, th@harged defectéunoccupied defegtand negatively charged
cap_tpre cross section, can be simulated and experimentalglefects(t\,v0 electrons occupy the defect states well as all
verified. Hence, comparison to EDMR results could help t0sther parameters are kept constant, because they are not spin
determine unknown material parametersuakSi:H. dependent. Figure 1 depicts the measu@yland simulated

Previous EDMR studies have shown that the interactioruines) EDMR signal of theuc-Si:H diode deposited by
of the microwave with neutral dangling bonf@isandé factor plasma-enhanced chemical vapor deposition at around

9=2.003 changes the dark forward current gic-Si:H 500 °c14 The simulations are carried out with and without
p-i-n diodes.” This is related to the fact that the capture

probability of electrons into neutral defects depends on the

relative orientation of their spins, e.g., in triplet configura- - 1 1 T

tion, the trapping time is by two orders of magnitude longer 103 i

than in singlet configuratio}?. At ESR resonance, the aver- :

age capture time is reduced. This changes the recombination L

rate and, hence, the device current. One of the surprising s E. detection limit - -

results of the previous EDMR stutlywas that unlike in 210'5;'

a-Si:H diodes, inuc-Si:H diodes only a positive current % F

change(enhancing could be detected. The typical sign re- 3

versal(quenching of the EDMR signal above the turn-over 107 |

voltage V¢, which is so prominent for-Si:H and was re- E e experiment r

lated to electric field reversal in thielayer! is absent in 3 simulated enhancernent "4
. L . K . F = = -simulated quenching 3

uc-Si:H. This led to the conclusion thati-n diodes based of

on uc-Si:H are governed by a different balance of drift and 10 00 03 06 09 1.2 15

diffusion thana-Si:H diodes. In this work, this discrepancy Voltage (V)

FIG. 1. Measured®) and simulatedlines) EDMR signal of auc-Si:H
3Electronic mail: t.brammer@fz-juelich.de p-i-n diode. The solid symbol and line type denote enhanced current at
DElectronic mail: lips@hmi.de EDMR (AJ>0) and the dashed line denotes quenchiag<o0).
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IncreasingNy (- -) by a factor of 10 leads to an increase
10°  diodo of Fig. 1 = of the dark current and the EDMR signal. This is caused by
the higher recombination rat¥. is hardly affected. Reduc-
ing ue by a factor of 10(- - -) has no effect on the dark

€ ston current and the EDMR signal f&f<0.45 V. For larger volt-
5 p band 3 . .
E 10 tails . ages, the dark current decreases. The EDMR signal increases
= 1 aboveV: which is about 0.1 V smaller. In the case of very
10% steep band tailéEy— 0 eV), the dark current and the EDMR
3 signal below 0.3 V do not change. Fur>0.3 V, the dark
3 current decreases an} is increased by about 0.1 V. These
10° 1 simulations demonstrate that EDMR modeling can be used
102 {(b)I ] to narrow the material parameter space fwrSi:H.
Common to all simulated diodes in Fig. 2 is the fact that
r Nx10 steepband ] well below V. the dark current increases exponentially with
10% | \ tails 3 V. This is the typical ideal diodd—V curve if space charge

due to trapped charge carriers is negligible. Ab&e the
dark current increases subexponentially withThe reason
for this behavior is that fo >V, space charge hinders the
transport of charge carriers. This is particularly apparent for
the diode with the reduced mobility which promotes capture

abs(aJl)
%
T

-5
10 ?diodeof,.—,g,1 of charge carriers into localized statdsand tails and de-
r without Rg fect9. When the capture cross section for neutral defects
T I . increases due to the ESR microwave, the space charge is
00 02 04 06 increased and the current is further reduced. This reduction

Voltage (V) leads to the negativAJ. The influence of the space charge

FIG. 2. (3 Simulated darkd-V curves andb) simulated EDMR signals of - phecomes most prominent when the electric field inittayer
four uc-Si:H p-i-n diodes with different-layer properties: A larger defect has reversed

density (- -), a smaller mobility(- - -), and steeper band tails - - -) in . . .
comparison to the diode of Fig.®). For all simulations inb) Rg=0 €. _ |n_Summary! the EDMR 5|gna|_ Q‘fLC'_S| ‘H d_|0des was
investigated by means of numerical simulations. A good

agreement between measured and simulated data is found for
the positive EDMR effect at low voltage which is caused by
the increased recombination rate in thiayer. The simula-
tions predict a sign reversal of the EDMR signal fac-

Rs which is usually between 0.5 and 1(bfor diodes with
an area of X1 cn?. The measurement onc-Si:H diodes
only gives positive current changésnhancing in contrast

to the signal ofa-Si:H diodes where negative values - : ) ; )
(quenching are found above a voltage of 0.7 %For small Si:H diodes as observed farSi:H diodes, which rules out

bias, the simulated EDMR signal matches well with the meal® Previously postulated general difference between both
sured signal solely by considering the minor change of th&inds of diodes. The sign reversal of the EDMR effect is
capture cross sectiono. The enhancemertsolid ling) is ~ Shown to be due to space-charge effects. The anticipated sig-
due to the increase in the recombination rate. Rge0 ,  nal intensity for uc-Si:H diodes is, however, below the
the simulations predict a sign revergaashed ling of the ~ Present detection limit. Additionally, series resistance can
EDMR signal atVc=~0.7 V so that the signal is, in principle, strongly affect the EDMR signal intensity. A high sensitivity
comparable to the signal found for diodes based®i:H**  of EDMR to various material parameters is predicted.
The calculated signal intensity fof> V. is, however, below L 4 W, Fuhs, 3. Appl. Phyg4, 3093(1983
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diodes, it is essential to lower the detection limit of the (199D.
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