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The density of states in silicon nanostructures determined
by space-charge-limited current measurements
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Space-charge-limited curre(BCLC) flow was investigated as a function of applied potential and
specimen thickness in nanocrystalline silicon films prepared by electrochemical anodization. From
the analysis of the current—voltag&<V) characteristics in the SCLC regime, the density of states
distribution near the Fermi level was determined. The agreement between the experiméhtal
characteristics and the theoretical curve strongly implies that the current flow is entirely controlled
by localized states situated at the quasi-Fermi level. 198 American Institute of Physics.
[S0021-897@98)10823-X]

I. INTRODUCTION measurements have been applied to a substantial number of

materials ranging from semiconductors to molecular
Highly efficient visible photoluminescencéL) from crystals® aing

silicon nanostructurésfabricated using electrochemical an- For determining the density and the distribution of deep-

odization has generated exciting prospects for applicationgy,q| energy states, methods other than the SCLC method
both in ﬂat-pa_nel dlspla)_/s ano_l in optical mtercon_nectlonscan be used: field-effect techniqliecapacitance—voltage
monolithically integrated into Si wafers. Many studies havemethodsw and deep-level transient spectroscdpy.TS). 1L
a|m(ta)(|:i at Hacmevmgl_strc.mg electrolqlrplnesce(EE), which _ However, those three alternative techniques require highly
enables these g%p_);catmns, from silicon nanostructures in g,neq material and specially designed device structures. It is,
solid-state device.* However, despite the vast researchtherefore, difficult and unreliable to use those three methods

aimed at intense EL devices, no detailed investigation of th ?r measuring the density of states of Si nanostructures be-

g . §
deepl)( Ieveilsdm this rr;]altefnal ha; begnlcqep'ort'eﬂ to the t,)?St I%ause carriers are depleted by the electrochemical dissolution
our knowledge. Such information yields insights on critica process and many processes for the device fabrication inevi-

properties, such as carrier transport for the design of Optot'ably damage the fragile Si nanostructure

electronic gewcfes. dies show that iniect o In this article, we present the results of SCLC flow as a
A number of studies show that injection current can be g, jon of applied potential and specimen thickness in

power_fullsgtorcl)l for stu%ymg m;ulator;b or high resysuw;y nanocrystalline silicon films prepared using electrochemical
materials. The most widespread contribution from using this 5 gization. From the analysis of tfie'V characteristics in

tool is information about defect states in the forbidden 9aP—he SCLC regime, the density of state distribution near the
localized defect states can strongly influence the injected CUl=armi level in Si nanostructures was determined by a step-

rent flowing in response to an applied voltage. Not only theby-step method?13\We demonstrate that the SCLC method
absolute value of the current but also the actual form of the s .o 5 powerful tool for evaluating the deep-level energy

_current_—voltage ‘I—_V)_ characterl_sncs Is determined by the_ states in highly complex structures, such as porou$Si.
interaction of the injected carriers with such states. This
current—voltage characteristic callezspace-charge-limited
current (SCLC) offers a well-established and extremely sen-“' EXPERIMENTAL RESULTS AND ANALYSIS

sitive method (defect state concentrations as low as  Metal/PS device structures were fabricateg-type sili-

10" cm ™3 can be detected by this technigue study ener-  con substrates with a resistivity of 3-€5¢cm, and then an-

getic and spatial profiles of traps for current carriers. Suclbdized in a solution of HF (48):C,HsOH=1:1 at a con-

stant current density of 20 mA/édnThe porosity of the

Als0 with the Institute of Physics, University of Tsukuba, Tsukuba, POroUS layer was aPOUt 8.0%1. which we confirmed by density
Ibaraki 305-8571, Japan. measurements. This fabrication process produced a homoge-
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FIG. 2. Zero-bias capacitance for Au/PS junctions with different PS thick-
VOLTAGE (V) nesses. The fitted line can be obtained with the dielectric constaBt6.

FIG. 1. Typical logarithmic current—voltagel4V) characteristics for
Au/PS junctions with 1- and 4em-thick PS layergdots and solid circles,

respectively. the Boltzmann constant, aridis temperature in degrees K.
Before we can determinB(E), we need to determine the
dielectric constant of the porous layer.

neous Si nanostructure layer at a constant(Rtef approxi- Figure 2 shows the thickness dependence of the zero-

mately 1um/min, which we confirmed by scanning electron bias capacitance of Au/PS devices. We can neglect the ca-

microscope observations. By controlling the duration of thepacitance of the interface based on the Pengl. results®
anodization, we prepared PS layers that were 1, 2, 4, and 3 this case, the total capacitance is equal to the PS layer
um thick. Following the anodization, gold film was depos- capacitanceGps), which is given byCps= S/L, whereSis

ited as an electrode with the active device area being aboutihe area of the diode. Measurements taken on devices with

mm in diameter. various PS layer thicknesses verify that tigs is propor-

Figure 1 shows typical logarithmid—V characteristics tional to 1L as shown in Fig. 2. We can, therefore, deter-
for Au/PS junctions with 1- and 4m-thick PS layergdots  mine the dielectric constartto be 3.6, (¢, is the dielectric

and solid circles, respectivelyFrom the lower current den- constant of a vacuumwhich agrees well with previously

sity region around 10° A/lcm?, we estimated the resistivity reported results for 80%-porosity sampfés.

of the layer to be on the order of &) cm. This value We determinedN(E) for the 4.um-thick PS sample by

shows that the porous layer can be regarded as an intrinsigoplying Eq.(1) to the measured—V characteristics. Figure

semiconductor. For both samplés and 4 um), the J-V 3 showsN(E) near the Fermi level determined by this step-
characteristics exhibit a power-law relationship; V" («  by-step method. The points were obtained by applying Eq.

is a proportionality factgr wherev increases from 1to 4 and (1) with L=4 um, kT=26 meV, and steps of about 50 mV.

then decreases from 4 to almost 2 with increasing appliedhe density of states near the Fermi level deduced here did

bias voltage. On the other hand, the current—thicknéss §

characteristics exhibit another power-law relationship,

= 7;L‘§ (7 is a proportionality factgr where ¢ increases I ——— . . —

from 1 to between 2 and 3 with increasing applied voltage.

This behavior for both characteristics is similar to the SCLC

with deep traps observed for single carrier injection into an

intrinsic amorphous semiconductSr* In the continuous
state distribution of th@a semiconductor, the dominant level
controlling the SCLC is situated close to the quasi-Fermi
level and thus enables the determination of the density and
distribution of localized statdN(E)].% To determineN(E)

from the logarithmicJ—V characteristics in the SCL region,

we adopted the step-by-step method developed by den

Boer!® The density of states near the Fermi level can be

expressed as

¢ Step-by-Step
— Fitted Curve

1016 |

DENSITY OF STATES ( cm™ eV?!)

1015 M| 1 POTE INPEPIPN APUTETNSS EPUSE AP 1
e(V,—Vy) 0.01 0.03 0.05 0.07 0.09

, 1
qLkT In(J,/3,V,/V,) @ ENERGY (E-E)) (eV)

where (;,Vy) and {J2,V>) are points on thé—V cuve in- o 5 density of state distribution near the Fermi level determined by
Fig.1,eis a d|e|ef3mc CO”_Stant of the porous layeris the a step-by-step methogolid circles and the theoretical curvesolid line)
electron chargel. is the thickness of the porous layérjs using a stretched exponential function.

N(E)=
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10 5 T T T T rent density of 10° A/cm?, where emission does not occur,
—_ g ] we can consider electrons to be the dominant current carriers
NE £ 10 ] in this region(single-injection regime Although the polarity
S 106k E i of the dominant carrier injected into the porous layer is not
- : % / ] yet known, x-ray absorption spectroscopy shows that the en-
> e ergy offset of the valence band is twice that of the conduc-
E oo tion band in PS/Si junctio$ and thermopower measure-
% 10 E R Dot ety E ments show the majority carriers are electréhs.
= In the single-carrier injection region, thk-V curve in
E the SCLC region, with the stretched exponential trap distri-
§ 108 - bution as described in E@2), can be calculated parametri-
% : RESULTS Ca”y as
o . FITTED CURVE 2
. . . ael 6 exd (B8x)7]
I I V(o)=| — de—“ , )
10 € 0 1+exp(x/kT)
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FIG. 4. Current—voltageJ~V) characteristics of a Au/PS diode with a (4)
1-um-thick PS layer. The dotted line shows the theoretical curve o thé .
characteristics. The inset shows the electroluminescence—currenufEL— and the current—thicknesg<L) curve as
characteristics. e eV, 1/2] f@ exd (8x)"] -12 5
(0=|2e o X 1T¥expx/kT)| ®
not form a simple exponential tail, but can be well described ae3n§M2v0 1/2
by a stretched exponential function: J(0)= —) exp 6/kT)
N(E):a eXp[[IB(E_EF)]y}! (2) 0 qu(ﬁX)y] 1/2
- . 5 _SXRAPX) T
where the data shown in Fig. 3 can be well fitted dy fo dx T+ expx/kT)| (6)

=2.4x10"% (cm3eVv™Y), B=(kT) =12.5(eVl) with
T, being a temperature parameter that characterizes the traghere the parametef is equal toF —E;, F is the quasi-
distribution, andy=4. The steep rise ifN(E) toward the Fermi energyE; is the Fermi energyn, is a thermal equi-
Fermi level might not represent the real density of states butbrium free-electron concentratiop, is the effective mobil-
appears to arise from an inaccuracy of this method, becausty, L, is the constant thickness, and, is the constant
this inaccuracy generally occurs in the evaluationNgE) applied voltage. As a check, in the caseysf 1, which cor-
using step-by-step or differential methddsThe deduced responds to the exponential trap distributfome can derive
N(E), which is minimum at the center of the energy gapthe correct dependence of SCLC V™" 1/L2M*1 (with
(Fermi leve), is similar to the commonly observed U-shape m=T,/T) by the elimination of the parametet after the
trap distribution observed at the crystalline Si—$iO integration.
interfacé®=?! or to the density of states observed in amor- By using parametric plots through the combinations with
phous Si° The origin of y=4 in the stretched exponential is Egs. (3) and (4), or (5) and (6), we obtain the theoretical
not clearly understood; however, we consider that both thd—V curves orJ—L curves for the density of states given by
various energy levels originating from the size distribution ofEq. (2). The dotted line in Fig. 4 shows the theoretical curve
nanocrystallites and the coexistence of the tis¢amor-  of the J-V characteristic for the sample with azdmn-thick
phous phase with nanocrystals generate the randomness eRS layer. The best fit of this curve was obtained using the
pressed by a stretched exponential distribution. parameters a=6x10* (cm3eV'Y) and nyu=1.15
Electroluminescence is a general concern when using<10® (cm *V~'s™%). The reason why the magnitude of
this material; therefore, understanding the relation betweehl(E) of a thin layer is higher than that of a thick layer can
EL intensity and a current density is critical. The inset of Fig.be understood in terms of a higher density of states in the
4 shows the ELJ characteristics of a Au/PS diode with a surface region—the SCLC probes the entire volume distribu-
1-um-thick PS layer. Comparison of these EL€haracter- tion. The agreement between the experimental result and the
istics andJ—V characteristicgFig. 4) clearly shows that EL  theoretical curve strongly implies that the current flow is
occurred at the higher injection regime, above 4@/cm?, entirely controlled by localized states situated at the quasi-
as indicated by arrows. This result is explained as followsFermi level. The deviation of the theoretical curves and the
when the injected carrier concentration to the thermally genexperimental results at the region higher than &.@/cm?
erated carriers significantly increases, theV characteris- may originate from the inaccuracy of the fitting function
tics of the device deviates from Ohmic behavior and holesand/or the contribution of hole curreffie., the deviation
begin to be injected into the porous layer, thereby signifi-from the single-injection analysis
cantly increasing the probability of electron—hole recombi-  The J-L relation given by Eqgs(5) and (6) was also
nation (double-injection regime Therefore, below the cur- confirmed for various thickness€$—8 um) of the porous
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0.001f ' ' 3 crystal. The effect of the quantum confinement on the intrin-
: ] sic carrier density and on the transport is not yet clear; how-

ever, the energy gap determined by carrier transport may not

be as wide as the optical band ¢&p.

] Porous Si with 80% porosity has a large surface area of

| the order of 200 (rficm®).?” By converting the bulk density

] of states into the surface states using this value, we obtain

] the interface state density distribution to be about

: 10° (cm 2eV™Y). The magnitude of this state is similar to

] the number o, centers obtained by our electron spin reso-

nance measuremefsand to the trap densityabout

0.0001
1075

10

CURRENT DENSITY (A/cm %)

10°7¢ 3 10° (cm 2 eV Y] estimated by Cadett al. using transient
i current measuremenslt is not clear ifN(E) obtained here
Lo-8 originates fromP,, centers; however, not only our results but
. 10 also other reportS® show th correlation between the trap

concentrations an®,, centers.
THICKNESS (micron) b

FIG. 5. Experimental current densigolid circleg versus thicknessJE-T) V. CONCLUSION
characteristics at a constant applied potential of 30 V. The solid line shows

the theoretical curve of thé-T characteristics. In conclusion, we determined the density of state distri-
bution [N(E)] of Au/PS junctions using a step-by-step
. . L method. The deduceld(E) can be fitted well by a stretched

layer. Figure 5 shows the experimental pl@slid circled exponential function. Similarly, both the current—voltage and

for the J-L ch_ara_cterlstlcs ata constant_ applied potentlz_il Olihe current—thickness characteristics of PS can also be fitted
30 V. The solid lines show the theoretical curves obtaine

; p _ h ell with the theoretical curves obtained by space-charge-
drom Eqs (2)6 ®), aﬂ © lé)?éng t,g sgrlne paiameters limited-current analysis. The agreement between the experi-

eSErl' ed above[a=2.4x1 , (cm™ev™), '8_1,2'5 mental results and the theoretical curves strongly suggests
(eV™), and y=4]. The theoretical curves well explain the

/ i that PS contains localized states on the order of
experimental plots of the]-L relation. Such agreement 1015 (cm 3 eV~Y) situated at the quasi-Fermi level, which

suggests that the SCLC dominates the carrier CondUCtIOBominates the electric properties of PS. Important problems

behavior. related to the origin of the localized states situated near the

Fermi level remain unresolved.
I1l. DISCUSSION
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