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A new majority-carrier rectifying device is demonstrated which is made in hydrogenated 
amorphous silicon deposited by glow discharge decomposition. The devices were made in a 
structure composed of phosphorus doped, boron doped, intrinsic, and phosphorus-doped layers 
in series, prepared by using doping gas in the discharge. The rectification ratio at 1 V is over 106

• 

Barrier heights depend on the thickness of boron-doped layer, and barriers as high as 1.09 eV are 
obtained with boron-doped layer of 120 A. Conversion efficiencies of up to 5.7% under 20-mW 1 
cm2 illumination have been observed. 

PACS numbers: 85.30.Kk 

Hydrogenated amorphous silicon (a-Si:H) produced 
from the glow discharge decomposition of silane has been 
studied extensively in recent years. I Thin-film photovoltaic 
devices have been fabricated with these materials in 
Schottky barrier, metal-insulator-semiconductor (MIS), and 
p-i-n (or n-i-p) configurations, where p represents p type, i 
intrinsic, and n n-type amorphous silicons, with conversion 
efficiencies of up to 5.5,2 6.3,3 and 8.0%,4 respectively. 

Majority-carrier diodes are important components in 
electronic circuits because current transport is not restricted 
by the diffusion of minority carriers, and the potential drop 
across a device can be significantly smaller than for corre
spondingp-i-n or p-n junction devices operating at the same 
current level. A non-Schottky, majority-carrier diode called 
a camel diode, in which the current transport is controlled by 
a potential barrier in the bulk of the semiconductor, was 
reported by Shannon.5 

In this letter we demonstrate a new majority-carrier de
vice composed of hydrogenated amorphous silicon, which 
shows good rectifying and photovoltaic behavior. 

Our devices were fabricated by depositing glow dis
charge-produced a-Si:H on the substrates of indium-tin-ox
ide (ITO) coated glass at substrate temperature of 250°C. 
The surface resistivity of the ITO coating was 20 n 10. The 
device structure is shown in Fig. l(a). Full details concerning 
the conditions required for deposition have been given else
where. 6 A thin, highly doped n layer (250°C) was deposited 
onto an ITO coated glass by the discharge of 1.0 vol. % 
phosphine mixed silane gas. Next, an 80-200-A.-thickp layer 
was deposited using a volume gas ratio of B2H~ 
SiH4 = 0.7%. Then, a 6000-A-thick layer of un doped a-Si:H 
was deposited by the decomposition of pure silane. Then, a 
250-A.-thick n layer was prepared using a volume gas ratio of 
PH3/SiH4 = 1.0%. Finally, a layer of ~ lOOO-A-thick eva
porated Al film served as the back electrode. 

The energy-band diagram of the a-Si:H n-p-i-n camel 
diodes is shown schematically in Fig. lIb). The conduction 
and valence bands, Ec and Ev , refer respectively to the elec
tron-extended and hole-extended states of a-Si:H. The bar
rier region, the width of which depends on the density of 
states in the gap of undoped a-Si:H, extends through a frac-

tion of the layer, and the distance of the Fermi level from Ec 
in the bulk is E F • Na and Nd are the ionized centers close to 
the extended states, and the deep lying centers which ionize 
in the barrier region are also indicated. The holes trapped in 
the potential minimum are also shown in Fig. lIb). It is possi
ble to control the height of the potential barrier by the thick
ness of the player. 

The barrier height is ¢ B and the built-in potential is Vo· 
The current-voltage (1- V) relation for rectifying diodes under 
forward bias can be written in the form 

j=j,[exp(eV/nkT)-IJ, (I) 

where js is the saturation current density, V is the applied 
voltage, and n is the diode quality factor. The values of n are 
generally close to unity, but can lie between I and 2 ifthere is 
recombination in the barrier or if there is a thin insulating 
layer at the interface. 

Because of the short mean free paths in a-Si:H films the 
diffusion theory of rectification rather than the thermionic 
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FIG. I. (a) Schematic diagram of the structure used in the study of a-Si:H n

p-i-n devices. (hi Energy-band diagram of the a-Si:H n-p-i-n diode. 
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FIG. 2. Forward bias currents of an a-Si:H n-p-i-n diode at several tempera
tures. The inset shows the temperature dependence of the extrapolated val
ues ofj,. 

theory can be applicable. The saturation current density is 
then given by8 

(2) 

where f.1-c is the electron mobility, Em is the maximum elec
tric field in the i layer, and Nc is the effective density of states 
in the conduction band. 

The J- V characteristics of a-Si:H n-p-i-n barriers have 
the same form as those of Schottky barrier and p-i-n diodes. 
Under far forward bias, the currents become series resis
tance limited. The current in far forward does not show Oh
mic, but space-charge-limited behavior. Under reverse bias 
the currents have a saturated form, and rectification ratios 
;;;. 106 are obtained at 1 V for a-Si:H n-p-i-n devices with p
layer thickness of 120 A. 

The forward-bias J- V characteristics of the n-p-i-n de-

TABLE I. Static and transport diode parameters as a function of the thick
ness of the p layer in n-p-i-n diodes. The parameters are the open circuit 
voltage Voc at 20 mW /cm2

, the nonideality factor n, and the barrier height 

1/18' 

p-Iayer thickness Voc 1/18 
(A) n (V) (eV) 

80 1.34 0.40 0.82 
100 1.46 0.53 0.94 
120 1.80 0.69 1.09 
200 1.94 0.38 0.80 
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FIG. 3. Illuminated J- V characteristics of ITO/n-p-i-n device with p-Iayer 
thickness of 120 A under 20-mW /cm2 sunlight. 

vice with p-Iayer thickness of 120 A measured at various 
temperatures are shown in Fig. 2. The currents at all tem
peratures satisfy Eq. (1) with n = I.S0. The extrapolated cur
rent densitiesjs increase with temperature (this is shown in 
the inset of Fig. 2) and satisfy Eq. (2), where 
CPs = 1.09 eV and q f.1-cNcEm = I.S X lOR A/cm2

• If the val
ues f.1-c = 10 cm2/Vs and Nc = 1 X 1021 cm- 3 (Ref. 9) are 
used, Em = 1.1 X 105 V Icm is obtained. 

The diode parameters obtained from the temperature 
dependence of forward current densities were observed to 
depend strongly on the thickness of p layer in a-Si:H camel 
devices. The summary of device parameters for the various 
p-Iayer thicknesses is shown in Table I. As the thickness of 
the p layer is increased from SO to 200 A, the diode quality 
factor increases from 1.34 up to 1.94. However, as the thick
ness of the p layer is increased, the barrier height and open 
circuit voltage increase, and have maximum values at the 
thickness of 120 A, and then decrease (see Table I). This can 
be explained by the fact that as the thickness ofthep layer is 
increased above 120 A, the number of holes trapped in the 
potential minimum is increased, resulting in the decrease of 
barrier height and open circuit voltage. The increase of 
trapped holes in the potential minimum gives rise to the in
crease of the tunneling currents through the p layer, result
ing in the increase of the diode quality factor. The optimum 
thickness of the p layer in a-Si:H camel diodes was observed 
to be 100-120 A. However, the optimum thickness depends 
on the densities of ionized acceptors and defects in the p 
layer. 

In Fig. 3 we show the illuminated J- V characteristics for 
a n-p-i-n device with p-Iayer thickness of 120 A as measured 
at the sunlight of 20-m W Icm2 incident power density. The 
characteristics of the device are open circuit voltage 
V DC = 0.69 V, short circuit current density J sc = 3.0 mAl 
cm2

, fill factor of 0.55, and conversion efficiency of 5.7%. 
The area of the device is 3.0 mm2

• This efficiency has been 
reproduced in several cells. 

To compare the photovoltaic properties of n-p-i-n with 
those of p-i-n cells, we fabricated p-i-n devices under the 
same deposition conditions as those for the deposition of n-p
i-n cells. Inp-i-n device we take the thicknesses ofp, i, and n 
layers to be 120, 6000, and 250 A, respectively, using the 
same gas mixtures as those used to prepare n-p-i-n devices. 
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The characteristics of the p-i-n devices are Voc = 0.71 V, 
J,c = 3.5 mA/cm2, fill factor of 0.50, and efficiency of6.2%. 
The area of this cell is 3.0 mm. 2 Although the fill factor of the 
n-p-i-n device is higher than that of the p-i-n cell, the effi
ciency of the n-p-i-n device is lower than that of the p-i-n cell 
because of the ineffective collection of carriers generated at 
the front n layer. If phosphorus-doped amorphous silicon 
carbide, which has wide band gap and good photoconductiv
ity, 10 is substituted for the front n layer in ITOln-p-i-n cells, 
the conversion efficiencies of n-p-i-n cells will be increased. 
To increase the barrier heights of a-Si:H n-p-i-n devices, the 
wide band-gap p-type material such as the amorphous sili
con carbide doped with boron is suggested to be used for the 
p layer in n-p-i-n devices. 

This research was supported by the Ministry of Science 
and Technology, Korea, under contract No. 4N-00034. Fi
nal support is appreciated very much. 
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Crystallographic orientation of laser-recrystallized Ge films on fused quartz 
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Crystallographic orientation oflaser-recrystallized Ge films on fused quartz has been investigated 
using a microprobe x-ray diffractometer (,uXD) that has a collimated x-ray beam of 30 f.1m in 
diameter and a position-sensitive proportional counter. It has been found that the 
crystallographic orientations normal to the substrate surface were near ( 110) or ( 111). Tilt angle 
of the grain from (110) or (111) was :S 100. Orientation distribution was represented by means of 
a stereo graphic projection. 

PACS numbers: 81.10.Jt 

A considerable amount of work has been carried out 
recently on the crystallization of semiconductor films on 
amorphous insulating substrates in the attempt to achieve 
large-area display circuits or three-dimensional integrated 
circuits. Several techniques, such as laser l

-
3 or electron

beam4 irradiation and zone melting using a movable graph
ite heater,S have been reported to prepare silicon-on-insula
tor (SOl) structures. 

(at 

29 POsmON-SENSITIVE 
PROPORTIONAL roUNTER 

X-RAY 
SOURCE 

Information regarding crystallographic orientation or 
defects in recrystallized films, or concerning electrical prop
erties at the grain boundaries is important for obtaining 
high-quality devices. This letter presents the results of inves
tigation by means of a microprobe x-ray diffractometer 
(,uXD) into the crystallographic orientation of laser-recrys
tallized Ge films on fused quartz. The crystallographic prop
erties of the recrystallized Si films have previously been in
vestigated through etch-pit formation using anisotropic 
chemical etching,6 as well as microprobe reflection high-en
ergy electron diffraction.? These techniques, however, ne
cessitate either a photolithographic process or somewhat 
complicated diffraction pattern analysis. The f.1XD tech
nique presented here provides a simple, nondestructive 

FIG. 1. Schematic illustrations of(a){lXD apparatus and (b) rotation axes of 
the system. 
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