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THE DENSITY-OF-STATE DISTRIBUTION IN UNDOPED a-Si :H AND a-S工Ge:HDETERMINED BY 
HETEROJUNCTIONS WITH c-Si 

HIDEHARU MATSUURA AND KAZUNOBU TANAKA 
Electrotechnical Laboratory, 1-1-4 Umezono, Tsukuba, Ibar品は 305, Japan 

ABSTRACT 

A novel technique has been proposed for determining the density-of-state 
(DOS) distribution in the mobility gap of highly resistive 回 orphous
semiconductors, using 叩 orphous/crystallineheteroJunction structures. This 
technique has been tested and applied on undoped a-Si:H and a-SiGe.H films, 
covering the optical gap (E0) range of 1.30 to 1.76 eV. For undoped a-S工：H

with E0=1.76 eV, the peak of the midgap DOS distribution has bee£5loc~~ed_j't 
0.85 e'V below the conduction ban~ edge, EC’with a value of 5.6x10 cm eV • 
For undoped a-SiGe :H (E0=1. 55 evi6 『与三空間 has been obtained O. 71 eV below 
E~ ， with a magnitude of 7.9x10 cm eV . Those midgap states have been 
found to be correlated with singly-occupied dangling bonds. 

INTRODUCTION 

The electronic properties of hydrogenated 叩 orphous silicon (a-Si:H) 
films are critically linked with the density and distribut工on of localized 
states in the mob工litygap of a-Si・H. In order to enhance the performance of 
a-Si:H based devices, a low density-of-state (DOS) distribution, g(E), in the 
mobility gap, is essent工al. Measurement of g(E) and an understanding of the 
nature of the gap states are, therefore, very important. Many techniques have 
been developed to determine g(E). These include both optical and electrical 
methods (1,2), while they have some limitations in their application. 

In the present work, we have focused on determining g(E) below the Fermi 
level ( E~ ） in undoped a-Si: H films 叩 d also in undoped hydrogenated四 orphous
silicon-g~rr悶nium alloy (a-SiGe:H) films. These films play an important role 
in enhancing the performance of 町norphous solar cells. A few groups have 
sought to infer the energy locat工onof the dangling bonds in a-SiGe:H (3-6). 

Prior to this, the dens工ty of midgap states for undoped a-Si: H was 
obtained from the capacitance-voltage (C-V) characteristics of undoped (i.e., 
n-type) a-Si :H/p-type crystall工ne silicon (p c-Si) heteroJunct工on structures 
under 100 kHz (7). This method will be called a steady-state heterojunction-
monitored capacitance (HMC) method in the following sections. 

The steady-state HMC method has been appl工edto undoped a-SiGe:H with the 
optical gap (Eハ） between 1. 30剖 d 1. 70 eV. Moreover, it has been demonstrated 
that the g(E）】below E~ in amorphous f工lms (1.30 eV壬 Eハ壬 1.76 eV) can be 
determined from the exp-er工mentalresults of transient HMC measurements. 

THEORY OF HETEROJUNCT工ON-MONITOREDCAPACITANCE METHOD 

Steady-state regime 

The depletion rei;:ion formed by an undoped a-Si:H (or a-SiGe:H)/p c-Si 
heterojunction is considered. When a reverse bias voltage (Vロ）工s applied, it 
produces space-charge layers both in田norphousand crystallin主 semiconductors.
Under the assumption that this p c-Si has only shallow acceptors, the space 
charge in the p c-Si is formed by negatively-charged acceptors. However, the 
副norphouscomponent possesses midgap states. Origin of the space charge in 
田norphoussemiconductors is schematically discussed, using Fig. 1 where E_ is 
the band gap of the semiconductor, W the width of the depletion reg工on, L0the 
thickness of the剖norphousfilm, NA the acceptor density in the p c-Si ，百idVB 
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the built-in potential. The subscripts 1 and 2 refer to p c-Si and undoped 
films, respectively, and the subscripts C and V refer to the conduction band 
and the valence band, respectively. In the neutral region, all the gap states 
below E~ are occupied by electrons, while in the depletion region the states 

below Jt082 are occupied by electrons, where E082 is determined from the 
condition that the thermal-emission rate for elecモrons is equal to that for 
holes，田dgiven by (8) 

E = E -E /2 + (kT/2)ln( '>!_Iv ) 
OB2 C g2 "p 

(1) 

Here v 出1dv are the attempt-to-escape fre司uencies for electrons and holes, 
respec'Cively. ~ Therefore, the gap states as indicated by the black area in 
Fig. l(a) behave like positively-charged states, here, referred to as donor-
like states and the density of the donor-like states is constant between 
spatial position O 田 dw2・ Thistogether with the density of donors (if they 
exist) gives ・the effective density of donor-like states (NT), as shown in Fig. 
l(c). Figure l(b) shows the P<?tential variatエonwith distance. 百四 depletion

widths （町田dw2) are given by 
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Here E_ is the semiconductor permittivity. 
Tfie capacitance has been measured using a small AC voltage at 1 MHz. The 

resistivity (p 1) of p c-Si used in this S匂自 is about 1 fl cm so that the 
dielectric relaxation time （εslpl) becomes 10 s. The capacitance (C1) at 1 
MHz in the p c-Si is given by 
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On the oth号rhand, the minimum value of resistivity (pっ） of undo~~d a-SiGe:H 
used is 10 Q cm. Then, the dielectric relaxation time oecomes 10 -s. Thus, 
the undoped film may be considered as a dielectric materェal in its behavior in 
the case of the 1-MHz AC voltage, indicating that the capacitance ( c2) at 1 
MHz工n the undoped films should be given by 

τu 
，，， 

p
－
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nu 
(6) 

Fig. 1. 

Schematic sketches of the heterojunction: 
(a) (a) energy-band diagram; (b) potential 

variation; (c) space-charge density for Vn; 
( d) charge in response to a small 1-MHz茸c
voltage to measure capacitance. The gap 
states as indicated by the black area are 
positively-charged states, and the states as 
indicated by the hatched area are occupied 

←3砂x(c) by electrons. 

~x (d) 
L 
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The measured HMC (C ) at 1 MHz is from a series of c1 叩 d c2’ and is 
HM 

expresses as 

l/C = l/C ＋工／C (7) 
HM 1 2 ’ 

because spatially the free charged carriers can respond to the 1-MHz AC 
voltage at 民 andL, as shown in Fig. l(d). From Eqs. (2）ー（4), the following 

relation工sobtained; 

(V -V  )/(V -V  )= Nε ／N 
Bl Rl B2 R2 I s2 A sl 

(8) 

The final equation is obtained as 

2 2 
= E ( l/C -l/C ) 

1 sl HM 2 
(9) 

= 2εE  N (V -V )/qN (Nε ＋ Nε 
1 s2 I B R A A sl I s2 

(10) 

from Eqs. (3), (5), (7），皿d ( 8) . As is cle町 fromEq. ( 10), the values of NT 
and vn can be graphically determined from the slope and the intercept on th吾

abscissa, respectively. 

Transient regime 

In order to estimate g(E), the transient HMC is considered after Vn is 
applied to the sample over the zero-bias condition (-t~三 t< O), as shown in 
Fig. 2. At t=+O, VR is applied across the whole-of the 田norphous and 
crystall工ne components. Electrons trapped at shallower states at t < 0 get 
thermally emitted into the conduction band. After Vn has been on for the 
dielectric relaxation time （ ε~P ) of the回 orphousfilm・, the space charge in 

s2.2 
七hevicinity of the heterojuncモionwill redistr工buteitself in response to the 
applied potential, as shown in Fig. 2(b). The data of C~，（ t) after the 
dielectric relaxation time can be田 alyzedfrom Eq. (10) and Nt"at a time of t 
can expresses as 

N (t) ＝εv  (t)N Iε （V -V  -V  (t)) 
~sl c A s2 B R c 

(11) 

(12) 

(13) 

W工th -
V (t) = qN W 」（t)/2ε

喝 A 1 
ana 

W (t) = E (l/C (t) - 1/C内）
sl HM 2 

t=oo 

Fig. 2. 

Schematic sketches (energy-band 
diagram 田 d space-charge density) 
of the heterojunction at three 
times. The gap states as indicated 
by the hatched area are occupied by 
electrons, so that they are 
neutral. In the depletion region, 
therefore, the empty gap states 
between E_ and E ＿＿《 behave as 
positively:.charged s「fii氏es.
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of NT over the depletion region at t is close to NT ( t). This condition also 
suggests that interface states do not affect the me亘surementof HMC. 

The function H（七） is defined as 

H（七）主－t(dl¥NT(t)/dt) (14) 

with 
l¥N 主 N (t) - N （曲） (15) 

I I I ’ 

田 d the measured H（七） is obtained from C ( t) using Eqs. ( 11）ベ14). The 
HM 

values of v_ and Cハ havebeen obtained from steady-state HMC measurements. 

w工th

and 

On the~other nand, H（七） is theoretically derived as 

rE 

H{t) = ¥ v{f(E）ーF-(E))g(E )t( e (E )+e (E) )exp （ー（ e (E )+e (E) )t) dE 
I T『田 n p 
-v 

f(E) = 1/(l+exp((E-EF)/kT)) 

F00(E) = ep(E)/(en(E)+ep(E)) 

e (E) = v _exp( (E-E門）／kT)

ep(E) = Vpexp((Ev-E)/kT) 

(16) 

(17) 

(18) 

(19) 

(20) 

The way of determining g(E) from which H(t) of Eq. (16) can be obtained to fit 
the measured H( t), has been described in the section of results and 
discussion. 

Under the condition that e_(E）《 e ( E) and f ( E)" 1 (i.e. , 
tates between E and E ) , the"relations 

F OB2 ’ 

g(E(t)) = H(t)/kT 

and 
Ec-E(t) = kT ln( vnt) 

for the gap 

(21) 

(22) 

are obtained, which are similar to the relations obtained from the isothermal 
capac工t田 cetransient spectroscopy (ICTS) analysis (2). 

EXPERIMENT 

Undoped a-Si :H films (E,.,=1. 76 eV) were deposited using a diode-type glow 

discharg~ reactor from pure ~iH4 ’ and undoped a-SiGe:H films (E。＝1.55' 1. 63 ' 
1.70 eV) were prepared using a triode-type glow discharge -reactor from 
GeH /SiH gas mixture. Undoped a-SiGe:H films (E =1.30 eV) were deposited 
usi~g a ~iode-type glow discharge reactor from H~／Geff ,/SiH凋 gasmixture. Good 
quality films can be obtained from these techniques （百）．『

The heterojunctions were fabricated by depositing the amorpho鴎 fi均s
(thickness between 0. 5 and 1 μ m) onto p c-Si substrates (N.=lxlO i:;m 
heated to 250 •c and then evaporating magnesium (Mg) on 田町ea10. 785 mmι） of 
those films at room temperature. Mg forms an ohmic contact with those 
四 orphousfilms (10). All the heterojunctions have exhibited good rectifying 
properties. 

The C-V characteristics of those heterojunctions were measured at 1 MHz 
at room temperature. Detailed calculation of W was performed by the 

1 
minicomputer. The transient capacitance, C （せ4 w今~ measured a七 2則 zunder 
is。therm
digital signals and mem。rized in 七he minicomputer. I〕etailed calculation of 
H(t) was performed by the minicomputer. 
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RESULTS AND DISCUSSION 
Steady-state HMC measurements 

2 
Figure 3 shows the W -V curve obtained using Eq. (9) from cτ川ーV

1 
character工sticsof the a-S1Ge:H (E =1.70 eV)/p c-S1 heteroJunction. 官官 va"fue

0 
of C~ which has been used to calculate W in Eq. ( 9) is the saturated 

1 
capac1 tance with the forward bias. Tfie data reveal a good linear 
relationship, indicating that the model mentioned in the previous section is 
applicabl¥)" to tjle present system. As is clear from Eq. (10), values of 

N1=6.3xlo--cm 釦 dVB'.'0.18 eV have been obtained ~rom Fig・3.
ー It has been experimentally found that the W -Vn relations for all the 

1 R 
heterojunct工ons obey Eq. (10). N has been found 千円 be independent of the 
thickness of the amorphous film. Ti'ie dependence of N -on E,., is shown in F工g.
4. These results remain unaffected at measuring frequencies higher than 
1/2官εηP~ ， where ρηdepends on measuring temperature. 

'l'neιbulk Sp白 delj守口es obtair5d !_3om electron spin resonance (ESR) 
measurements are 1.3x10 and 3.6x10 cm for undoped a-SiGe:H (En=l.30 eV) 
回 d undoped a-Si :H (En=l. 76 eV), respectively, and they are close to NT・
Therefore, these resultsち叫cate that N1 represents the density of singly-
occupied dangling bonds (D ) • This optical-gap dependence of NT coincides 
with that of the integrated sub-bandgap absorption determined oy constant 
photocurrent measurements (8, 11). 
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Transient capacitance, C (t), has been measured at various temperatures. 
Only signals of H(t) longerH型han the dielectric relaxation time are・ valid. 
The signals of H(t) get saturated at a fェllingtime, t , (under the zero-bias 
condition) longer than 1 s, and they have been found fa be independent of vn 
for 九三一3V. Therefore, C川（七） has been measured at t~＝50 s and Vn=-4 V. " 

'th measured H(t) for 'tne a-SiGe:H (E =1.70 eV)/pふc-Si heter・oJ'unctionat 
353 K-is shown in Fig. 5. 丹omthe temper~ctu~e dependence of the t'i'.~e ( tp) at 
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11 -1 
wtnch the signal of H ( t) becomes maximum, a value of vーヰ8x10 s has been 
obtained using Eq. ( 22) .百1eH(t) which has been calculated from Eq. (16) is 

おnよ：~ghas 5been主ニm！~e ！（~~ fo~x~?is＼~q ~~） ~s s~~＝nc~立~ea<7~｝な
been found"to fit the measured H(t) very well at each temperature. 

All 廿leg(E) obtained from the fitting procedure are shown in Fig. 句 q.
The fi1-lues of も ppt竺ped from the temperature dependence of t0 町 e 4x10--, 
l干10 ，田d 4xTO s for E0=1.55, 1.63，田d 1. 76 eV, respe己tively，凱d
tl¥ese values have been used to determine g(E). These g(E) are correlated with 
D , as is clear from the results of steady-state HMC measurements. ~ 

Tsutsumi et al. (6) first determined the energy location of o- in a-
SiGe:H, while Mackenzie et al. (3), Skumanich et al. (4）田dAlj ishi et al. 
(5) discussed it in relation with their own experimental results. Our data 
coincide quantitatively with the data reported by Tsutsumi et al., al though 
all the group完 havereported the similar optical-gap dependence of the energy 
location of o-. Using the transient HMC P1ethod, however, we have determine 
the magnitude as well as the location of o-for the first time. 

SUMMARY 

The densities of midgap states of undoped a-SiGe:H and undoped a-Si:H 
have been determined using amorphous/crystalline heterojunction structures. 
These densities have been found to be independent of the measuring frequency 
as well as the measuring temperature when the measuring frequency is higher 
than 1/2宵£s2P2・ They have been found to be densities of singly-occupied 
dangling bonos in those materials. The DOS distributions for these films have 
been determined by transient HMC measurements which have been proposed. 
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