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Summary 

Summary 

In Active Matrix Liquid Crystal Displays, semiconductor switches are needed to address each 

pixel. A switch consists of a stack of three thin layers; chromium, hydrogenated amorphous 

silicon nitride and molybdenum. The semiconductor layer is deposited on the glass substrate 

with Plasma Enhanced Chemical Vapour Deposition. A thorough understanding of the 

deposition process and an accurate characterisation of the produced layer are needed to find 

better process settings to make these semiconductor layers or even discover better suited 

semiconductor materials. 

The objective of this project conducted in the group Display Principles and Devices at the 

Philips Nat. Lab. in Eindhoven was to further develop the complementary methods used for 

the optical characterisation of the semiconductor layers; transmission - reflection 

spectroscopy and Dual Beam Photoconductivity. In addition the accuracy of the methods and 

the dependence on measurement conditions was to be determined. 

The analytica! method for the determination of optica! constants from transmission -

reflection spectroscopy has been improved. The refractive index and thickness of the layer 

can be determined within 1 % error and the calculated absorption has an error of less than 5%. 

These accuracies can be guaranteed in the energy region above 2.1 e V for silicon nitride 

samples between 250 and 2000 nm. Thickness inhomogeneity is taken in consideration, hut 

was nota limiting factor for the measured samples. 

The dependence of the Dual Beam Photoconductivity method on measurement conditions 

such as the temperature, the applied electric field, sample thickness and electrical contacts is 

explored. All measured dependencies are consistent with the theory of secondary 

photoconductivity. A higher temperature and electric field lead to a better signa! to noise 

ratio for the measurements. It is observed that the photocurrents of layers deposited with 

slightly different plasma settings, differ significantly in magnitude hut that the spectral shape 

of the photocurrent is practically the same. 

It has been proven that the absorption coefficient measured with the combination of 

transmission - reflection spectroscopy and Dual Beam Photoconductivity is well suited to 

distinguish between thin amorphous semiconductor layers deposited under only slightly 

different conditions. 
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Introduction 

1 Introduction 

1.1 Active Matrix Liquid Crystal Displays 

During the last twenty years Liquid Crystal Displays (LCDs) have been used in an increasing 

number of applications. At first they were applied as small devices in wrist watches and 

pocket calculators, for which they were we11 suited because of the following properties: 

LCDs are flat and thin and have a simple robust construction; LCDs require a low driving 

voltage and have a low power consumption. 

At present, LCDs become a substitute for Cathode Ray Tubes (CRTs) in applications 

requiring sma11, flat and thin displays. Passive addressed LCDs are being used when no grey 

levels, or only a few, are required, like in game computers. Active matrix addressed displays 
with fu11 colour capability are commercia11y available as sma11 LC-TV displays (3-11 inch 
diagonal), either for direct view or projection TV applications. On laboratory scale, however, 

large displays (15-22 inch diagonal) have already been demonstrated. 

Active matrix addressed LCDs commonly use the Twisted Nematic (TN) effect, while 

passive matrix addressed LCDs at present are based mostly on the Super Twisted Nematic 

(STN) effect. 

The Twisted Nematic Liquid Crystal Effect 

Liquid Crystals (LCs) consist of organic materials with oblong shaped molecules. Between 

the liquid phase and the crystalline phase, an intermediate phase exists where a long range 
ordering is present even though the material behaves as a liquid. 

Figure 1.1 N ematic liquid crystals [7] 

In nematic LCs there is an ordering in the orientational direction of the molecules, hut not in 
the position as in a crystal. In figure 1.1 the ordering of nematic LCs is shown; the rod shaped 

molecules tend to align with respect to each other. This ordering is not perfect. The average 

direction of the molecules is represented by the director n . 

The refractive index n and the dielectric constant E are different for directions para11el to the 

director, denoted by n11 and E11 , and perpendicular to the director, denoted by n _]_ and E _]_. The 
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working mechanism of an LC device is determined by the anisotropies l!!.n = n11 - n .L and 

i1E = E11 - E .l. 

Voltage off Voltage on 

Figure 1.2 Operation of a twisted nematic liquid crystal cell [7] 

In figure 1.2 a liquid crystal cell is shown schematically. Two parallel glass substrates are 

placed at short distance, usually less than lOµm. On the glass substrates, transparent 

electrodes of indium tin oxide (ITO) are deposited. The electrodes are covered with an 

alignment layer of an organic material. To obtain the alignment properties, the layers have to 

be rubbed with a special cloth. Molecules of a liquid crystal in contact with the alignment 

layer tend to align to the rubbing direction. The two substrates are rubbed in mutually 

perpendicular directions. The director in the liquid crystal layer will gradually rotate over 

90°, from one substrate to the other one. One percent of chiral (cholesteric) dope guarantees a 

fixed sense of rotation. 

Two mutually crossed polarizers are placed outside the substrates, one at each side, with the 

polarizing directions parallel to the rubbing direction of the corresponding substrates. 

Perpendicularly incident light is polarized by the upper polarizer. While passing through the 

liquid crystal layer, the polarizing direction gradually rotates, following the rotation of the 

director, doe to anisotropy of the refractive index. The light remains about linearly polarized 

for the total range of visible wavelengths if the thickness d of the liquid crystal layer 

multiplied by the anisotropy l!!.n of the refractive index is much larger than the wavelength À 

(dl!!.n »À) . The cell behaves as a waveguide for visible light, as long as no voltage is applied 

to the liquid crystall. The light which passed the upper polarizer will therefore also pass the 

lower polarizer. 

The dielectric constant parallel to the director is larger than the dielectric constant 

perpendicular to the director in LC material. This is called positive dielectric anisotropy 

(11E = E11-E .L > 0) . Therefore the director tends to align with the direction of an applied 

electric field. When a sufficiently large voltage is applied, the director is parallel to the 

applied electric field and the light coming out of the bottom substrate is blocked by the lower 

polarizer. For lower voltages, only a part of the light is blocked. In this way intermediate 
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transmission levels may be obtained. The TN cell behaves as a light shutter. In active matrix 
addressed LCDs an electronic switch is incorporated with each pixel, on the so called active 
substrate. This solution is chosen when a great number of rows has to be driven and a large 
contrast ratio is required, for instance in video applications. In the case of full colour direct 
view TV displays, a mosaic colour filter of red, green and blue elements, is provided on the 

counter substrate. 

Active Matrix Addressing 

The functioning principle of active matrix addressing is as follows (figure 1.3). The analog 
information of one video line is sampled on a set of sample-and-hold capacitors, equal to the 

number of columns in the display. Then the corresponding row in the display is selected, 

which means that all the switches S to the pixel capacitances CP of that row are closed, while 
the switches in the other rows remain open. At the same moment the sampled video 
information is put on the columns. The pixel capacitances are thus charged with the voltages. 

Video 

switches 
Sa~plin;;Ó 

~~Q._ Sampling 
capacitors 

Buffers 

Scan 
lines 

s s s 

Figure 1.3 Schematic diagram of an active matrix liquid crystal display [7] 

The Switching Element (MSM) 

The MSM device consists of a stack of three layers; chromium - semiconductor -
molybdenum (figure 1.4a). Firstly a chromium layer is sputtered on the ITO pixel electrode. 
Then a thin layer of non-stoichiometrie hydrogenated amorphous silicon nitride ( a-SixNy:H), 
which is explored in this project, is deposited on top of the chromium layer with Plasma 
Enhanced Chemica! Vapour Deposition (PECVD). Finally the top metal, molybdenum is 

sputtered on top of the a-SixNy:H layer. The scan lines on the active substrate consist of ITO, 
chromium and molybdenum and are processed simultaneously. In figure l .4b, the MSM 

switch is shown schematically. 
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Video line 

Scan line 

(a) (b) 

Figure 1.4 (a) Layout of the MSM device; (b) Schematic diagram of an MSM switch in the 

active matrix (compare with figure 1.3). 

The functioning principle of the MSM is as follows. If the absolute value of the potential on 

the scan line of a particular pixel is low, video information put on the video line in 

figure 1.4b can not inftuence the pixel capacitance, CP. The potential difference across the 
MSM is in that situation so small that the MSM is in the blocking range (figure 1.5). If 

subsequently the absolute value of potential on the scan line is put high, the potential 

difference across the MSM becomes so high, that a satisfactory high current can flow through 

the MSM to charge the pixel. 

log (-1) (A) t t log (1) (A) 

- - - - - - - - - - _:-lqn _lo.!' - - - - - - - - - -

-lott _lo_ff __ 

-V0 n -V0 tt, blocking range , V0 tt Van -V(V) 

Figure 1.5 Typical current voltage characteristic of an MSM on logarithmic-linear scale 

[7]. 

1.2 Hydrogenated Amorphous Silicon 

More than twenty years ago amorphous silicon was considered of little use for practical 

applications because of the inferior semiconducting properties of this sputtered material. In 

the early seventies Spear and LeComber [13] showed that the electronic properties of 

amorphous silicon improved greatly if it was deposited from glow discharge decomposed 
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silane (SiH4). The material was now named hydrogenated amorphous silicon because of 

hydrogen incorporation. Dangling honds were passivated by the incorporated hydrogen and 

could for that reason not act as recombination sites anymore. Therefore the recombination 

probability of excited electrons in the conduction band decreased considerably. In figure 1.6 

the different structures of cristalline, amorphous and hydrogenated amorphous silicon are 

shown schematically. 

Dangling Bands 
". 

~ 
e Si 

0 H 

(a) (b) (c) 

Figure 1.6 Atomie honds in silicon: (a) crystalline silicon; (b) amorphous silicon; ( c) hy

drogenated amorphous silicon. 

The large scale repetition of similar silicon-silicon honds in a-Si:H results in a band structure 

with a valence and a conduction band separated by an optical energy gap typically of 1.7 eV. 

The band structure of a-Si:H, however, is not as well defined as the band structure of 
crystalline silicon (c-Si) due to defects and dispersion of both bond angles and bond 

distances (figure 1.7). The silicon-silicon honds become weak by the dispersion of both bond 
angles and bond distances. These Weak Bonds (WB) cause the extended tail states at the band 

edges. Defects such as Dangling Bonds (DB) result in electronic states at mid gap. The 
density of dangling honds is reduced to less than 1015 cm-3 by incorporation of 10% 

hydrogen. 

Valence , 
Band 

, Conduction 
Band 

Energy 

Figure 1.7 Schematic representation of the band structures of a-Si:H (solid line) and c-Si 

( dashed line) [ 11]. 

Other undesired defects in the hydrogenated amorphous silicon network (figure 1.6c) are 

polyhydrides like SiH2 and SiH3, voids and impurities such as oxygen and nitrogen. If these 
defects are minimized a-Si:H has a refractive index ranging from 3.5 in the red part of the 
visible spectrum through 5.5 in the blue part of the visible spectrum. The absorption 
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coefficient then ranges from lxl04 cm- 1 in the red part through 2xl05 cm- 1 in the blue part of 

the visible spectrum. The conductivity increases from 10-10 (Qcm)- 1 in the dark through 10-4 

(Qcm)-1 under illumination by sunlight. 

New Dangling Bands 

~ ~ -~ 
.. . 'î WeakBond . . . • Si . 

0 H 

Ene~gy 

(a) (b) (c) 

Figure 1.8 The effect of hydrogen diffusion; (a) Si-H bond is destroyed; (b) the hydrogen 
atom is diffusing to a weak bond; (c) the hydrogen atom breaks a weak bond 

forming a dangling bond and a Si-H bond [11]. 

Hydrogen diffusion (figure 1.8) is the responsible process for degradation of hydrogenated 
amorphous silicon. There is no interstitional hydrogen present in the material. Therefore a Si

H bond (1.5 eV) has to be destroyed before a hydrogen atom can diffuse to a weak bond, 

break it and form a new Si-H bond and a dangling bond. If the Si-Si bond angles disperse by 
more than seven degrees, the bonds become weak enough to be broken by hydrogen. The 

energy needed to break the Si-H bond can be supplied by several processes; illumination, 

interband electron-hole recombination, heat, electron scattering, etc. The most important 

process, however, is believed to be interband electron-hole recombination. 

1.3 On the Experiments in this Report 

During operation of the MSM devices, current induced changes in the electronic 

characteristics occur [12]. This is due to the creation of deep trap states in the semiconductor 

material used in these MSM devices. Research is conducted at Philips Research to find better 
processes to make these semiconductor layers or even discover better suited semiconductor 

materials. 

Silicon - silicon bond breaking, the mechanism responsible for the changing electronic 

characteristics, depends on the concentrations of weak honds, dangling honds and build-in 

hydrogen. Por the research on the relationship between different concentrations in the 
prepared materials and device characteristics, techniques are needed to measure these 

concentrations. The hydrogen concentration can be measured with Electron Recoil Detection 
(ERD). Por measurements of weak bond and especially dangling bond concentrations, 

however, no standardized methods exist at this moment. 

Weak and dangling bonds cause electronic states in the tails and at mid gap of the Density of 

States (DOS), respectively, as shown in figure 1.7. The optical absorption coefficient for a 
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particular energy is proportional to the number of filled and empty states with an energy 

difference equal to this particular energy. Since the tail at the conduction band is much 
steeper than the tail at the valence band, the optical absorption coefficient is in approximation 

proportional to the number of states in the valence band. Therefore the optical absorption 

coefficient can be used as a measure for the weak bond and dangling bond concentrations. 

At Philips, two techniques were chosen to determine the absorption coefficient in amorphous 

semiconductors; transmission-refiection measurements and Dual Beam Photoconductivity 

(DBP). Initial measurements with these complementary techniques, performed by J.D. Boter 

[1] and W. van Essenberg [ 4], showed promising results. The measured absorption of a-Si:H 

was consistent with the absorption reported in literature and a-SixNy:H showed the expected 

fiatter tail. 

For this project the following objectives were set: 

• Further development of the analytica! method needed to obtain the refractive index n(A), 

the absorption coefficient a(A) and the thickness d of the amorphous layers from 

transmission - refiection measurements. Special attention should be payed to the accuracy 

of the results. 

• Measurements on the sub-gap photo-absorption with Dual Beam Photoconductivity and 
determination of the infiuence of the measurement parameters, sample geometry and 

deposition conditions of the semiconductor layer on the resulting spectra. Further 

determination of the relation between photoconduction and device stability. 

• Analysis of the deep states from subgap photo-absorption measurements and correlation 

of the results with Space Charge Limited Current (SCLC) measurements. 
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Theory and Analysis 

2 Theory and Analysis 

2.1 General 

The optica! properties of a material are defined by the spectral dependence of its complex 

index of refraction 

N = n-iK, (EQ 1) 

where n is the refractive index and K is the extinction coefficient. The relation between the 

absorption coefficient a and the extinction coefficient K is given by 

a= 
47tK 

À 
(EQ 2) 

where À is the wavelength. The spectral region of major interest for a semiconductor is in the 
vicinity of the absorption edge, since it can provide information on the optical gap Eg as well 

as on the density of states within the gap. For semiconductors such as a-Si:H, n and K are 

usually obtained from transmission (1) and reflection (R) measurements (see section 2.3). 

However, in order to extend the optical absorption measurements to the weakly absorbing 

region below Eg (1.6 eV for a-Si:H), one needs to use either very thick films or other 
photoelectric techniques, such as photoconductivity (section 2.4) [9]. 

E (eV) 

Figure 2.1 Idealized absorption edge of amorphous semiconductors [16]. 

In the idealized optical absorption edge of an amorphous semi conductor (figure 2.1 ), three 

regions of major importance can be distinguished [2], indicated as A, B and C. In region A 

the absorption is caused by transitions between the extended states of the valence and the 
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conduction band. Assuming parabolic band edges the absorption coefficient in this region 
behaves according to Tauc [16] as follows: 

(EQ 3) 

where Eg is the bandgap defined by Tauc, better known as the Tauc gap. The Tauc gap can 

easily be determined by extrapolating the linear part of the J ( aE) versus E curve and taking 

the intersection with the energy axis. Region A is also refered to as the region of strong 

absorption. 

The absorption in region B is due to transitions between the localized states in the valence 

band and conduction band tails. The region is referred to as the Urbach edge and several 

mechanisms have been proposed to explain it, such as gap variations due to density 

fluctuations and broadening of the band edge resulting from the fluctuation of bond lengths 

and bond angles. The absorption coefficient in the Urbach regime is an exponential function 

of the energy: 

(EQ 4) 

where E1 is a constant, E0 is the width of the absorption edge and X is a parameter that defines 

the structural disorder or amorphicity of the material. Region B is also known as the region of 

medium absorption. 

In region C the absorption can be related to bath intraband transit10ns and transitions 

involving <leep states in the gap resulting from defects, like dangling bands. Region C is also 

denoted by the region of weak absorption. 

2.2 Modelling Multiple Reflections 

Optical measurements to determine the refractive index and the absorption coefficient of an 

amorphous film have to be performed on a sample consisting of a transparent substrate with 

the amorphous film deposited on it. In figure 2.2, the sample structure is depicted 

schematically. The film has a thickness d and complex refractive index N 1=n1-iK1. The 

transparent substrate has a thickness several orders of magnitude larger than d, an index of 

refraction N2=n2 and absorption coefficient a=O. The refractive index of the surrounding air 

is N0=N3=l. 

A model for the structure in figure 2.2 is presented by Hishikawa [5]. Rigorous expressions 

for total transmission T through a sample and the total reflection R from a sample are: 

(EQ 5) 

R = (EQ 6) 
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Incident 
Light R 

Matrix 0 (air) N0=1 

Matrix 1 (film) t d 

Matrix 2 (transparent substrate) N2=n2 

T 

Figure 2.2 Schematic structure of the samples uses in this study. Nk denotes the complex 
refractive index of matrix k. 

The equations result from the infinite sums over all possible transmissions and refiections for 
perpendicular incident light. Expressions for the partial transmission and refiections 

mentioned in those two equations are given below: 

2 

-

2 2 
el t21 t12r10 

R20 = r 21 + --2---1 

1- e1r12r10 

2irtN1d 2irtn1d -a1d 
e1 = exp ').., = exp ').., · exp-

2
-, 

2Nk 
tkl = ----

Nk+N1 

-
Nk = nk + iKk: complex conjugate of the refractive index of matrix k. 

A similar expression for the optica! absorption A can be found from the definition 

T+R+A=l (EQ 7) 

and the expressions for T and R given in equation (5) and equation (6), respectively. The 
model is not valid if the thickness d of the film is not uniform, when the light is not 

perpendicularly incident or if diffusive refiection is significant. 
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2.3 Transmission Reftection Spectroscopy 

Determination of the Refractive Index and Film Thickness 

Based on a similar model as presented in section 2.2, Swanepoel [14] derived formulas to 
determine the refractive index n and thickness d by straightforward calculations using the 
transmission spectrum alone. The accuracy is of the order of 1 % which is even better than the 

accuracy of some elaborate computer iteration methods. The following expression was 

deduced for the refractive index in the regions of medium and weak absorption and in the 
transparent region of the transmission spectrum (figure 2.3): 

- [A ( A2 zJl/2]1/2 
n1 - N + \ N - n2 , {EQ 8) 

where 

Here T max and T min are the continuous functions connecting subsequent maxima and minima, 
respectively. 

1.----....------....------.----------, 
0.9 

0.8 

0.7 

~ 0.6 
::i 
~ 0.5 , 

f-; 0.4 ,' , 

1 , , 

I 
I 

0.3 ,, 
,'r Absorption 

0.2 ~ 
0.1 Strong Medium-+- Weak -·---- Transparent 

OL-......,,;.._____,...._ __ ___. ________ __.. ___ __, 

400 600 800 1000 1200 1400 
À (nm) 

Figure 2.3 The envelopes T max and T min around the transmission to determine the refracti ve 
index (sample CPMl, see appendix A). 

The refractive index in the region of strong absorption is estimated from the short wavelength 

end of the reflection spectrum. In this region no fringes are present (see figure 3.4 on 
page 31) and it is suggested that only the first reflection on the film is measured. The 
reftection R as function of the refractive index n is then given by: 

2 2 

R = (n-1) +K 
2 2. 

(n+l) +K 
(EQ 9) 
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Subsequently the extinction coefficient K is set to zero and the refractive index is calculated. 
A plot of the values of the refractive index obtained by the above described methods is shown 
in figure 2.4. 

+ 
+ Refection 

3 + 

+ 

2.9 

i::: 2.8 

2.7 .. ... Transmission 

2.6 . . . . . 
600 800 '"I 1000 

11, (nm) 
1200 1400 

Figure 2.4 Refractive index calculated from the transmission spectrum in figure 2.3 with 
equation (8) (sample CPMl). 

The basic equation for interference fringes is 

2nd = mÀ (EQ 10) 

where m is an integer for maxima and half integer for mm1ma. Equation (10) contains 
information on the product of n and d and there is no way of obtaining information on either 
n or d separately using this equation only. 

The values of m and d can now be determined by a simple graphical method. Suppose the 
order number (integer or half integer) of the first extreme starting at the long wavelength end 
of the spectrum is m0. Equation ( 10) can now be written for the extremes of the spectrum as 

2nd = ( m0 + D · À l = 0, 1, 2, 3, ... 

l n l = 2d · ~ -m0 

(EQ 11) 

This is in the form of a straight line. If l/2 is plotted versus n/À, a straight line will be 
obtained with slope 2d and cut-off on the y-axis of -m0 . In figure 2.5 a graph of equation (11) 
is shown for the values of À and n obtained from the transmission in figure 2.3. The straight 
line is now drawn such that the line through the points passes exactly through the nearest 
integer (or half integer if the first extreme is a minimum) on the y-axis. 
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10 

8 
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4 
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-2 

-4 

-6 

-8 
-mo 

0 0.001 0.002 "I 0.003 
n/11., (nm) 

0.004 0.005 

Figure 2.5 Plot of l/2 versus n/À to determine the order number and the thickness (sample 
CPMl). 

The resulting thickness d, order number m and wavelength À are inserted into the interference 
equation (10) to calculate a more accurate value of the refractive index. The result is shown 

in figure 2.6. 

\ 
~ ." 

600 

·~ ...... 
..... ....... ._. ...._ ._ .__ 

..__ ._ -*- -·-

800 "I 1000 
11., (nm) 

1200 1400 

Figure 2.6 The refractive index corrected with the interference condition (sample CPMl). 

The intermediate values of the refractive index are determined by fitting the values obtained 
from transmission to the single oscillator model proposed by Wemple [17]: 

(EQ 12) 
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where Ee is the effective dispersion oscillator energy, Ect is the dispersion energy and E is the 

photoenergy. The dashed line in figure 2.6 shows the final result for the refractive index. 

Absorption Coefficient from Transmission - Reftection Measurements 

Experimental data of Tand R of an a-SixNy:H film (d=l930 nm) are shown in figure 3.4 on 
page 31. The interference effect is significant in both Tand R, which makes determination of 
the absorption coefficient a difficult. The optical absorption A calculated from T and R with 
equation (7) on page 17 still contains fringes (figure 2. 7). On the contrary, T/(1-R) for the 

same sample is virtually free from interference throughout the wavelength region from 400 -
850 nm. Therefore, Hishikawa [5] proposed to use T/(1-R) to determine a in wavelength 

regions were interference effects exist. 

0.8 A 
-------, 

-; 0.6 
~ 
<il 
i:: 
.~0.4 
en 

0.2 

0 
400 450 500 

,,.. 

550 

\ 
1 

\ -, 
' -------

600 650 700 750 800 850 
À (nm) 

Figure 2.7 Comparison of the interference effect in T/(1-R) and A (sample CPMl). 

On the basis of the model presented in section 2.2 on page 16 the following expression for 
T/(1-R) is deduced: 

(_I_)-1 = 
1-R 

(EQ 13) 

The refractive index n and the thickness d of the film as calculated from transmission and an 
estimate of the absorption coefficent a are plugged into this equation. Then a can be derived 
by Newton Raphson iteration of the following relation: 

[ T J - [ T J ( a) = 0 
( 1 - R) experimental ( 1 - R) calculated 

(EQ 14) 
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The resulting absorption coefficient is shown in figure 2.8. 

Figure 2.8 Absorption coefficient determined from transmission - reftection measurements 
(sample CPMl). 

2.4 Photoconductivity 

Photoconductivity is divided into three important physical processes; (1) generation of 
electron - hole pairs by an external source, (2) transport of mobile carriers in either extended 
or localized states, and (3) recombination of the excited electron and hole. 

Photogeneration of Electron-Hole Pairs 

In the generation process it is implied that the electron-hole pairs are actually separated and 
are then free to contribute to the conduction process. However, in amorphous materials a 
fraction of the excitated electron - hole pairs remains localized, with a high probability that 
the electron and hole recombine before leaving the site of the excitation. This process is 
called geminate recombination and it takes place because the Coulomb interaction between 
the hole and the electron is so strong, that the excitation is localized long enough to permit 
the electron and hole to recombine before they can separate by diffusion or by the force of an 
applied electric field. The quantum efficiencies for the photogeneration of electrons and holes 
are introduced in literature to account for processes, like geminate recombination, that 
prohibit excited electrons and holes to contribute to the conduction process. 

For a sample consisting of a non-absorbing substrate and an amorphous film (figure 2.2), the 
average number of photons absorbed in the film per cubic centimeter per second is given by 

f= F(l-R-Dld 

= FA/d 
(EQ 15) 

where F is the flux of photons per cm-2s- 1, R is the reftection of the sample, T is the 
transmission of the sample, A is the absorption in the sample and d is the film thickness. The 
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generation rate for free electrons Gn in the amorphous film is according to Jackson [6] 
directly given in terms of the avarage number of photons absorbed f and the quantum 
efficiency of electron generation lln by the equation 

(EQ 16) 

A similar expression for the generation rate for free holes can be obtained in terms of the 

quantum efficiency of hole generation 'Ilp and the average number of photons absorbed. It is 

(EQ 17) 

Transport and Demarcation Levels 

It is generally accepted that even in heavily disordered materials electron and hole transport 
takes place at the band edges. States in the gap function only as traps or recombination 
centers. To make a quantitative distinction between a trap and a recombination center, the 
idea of a "demarcation levels" for electrons and holes is aften introduced (figure 2.9). The 
electron demarcation level Dn is an energy level for electrons such that an electron in a state 
above this level will have a high probability of being thermally excited into the conduction 
band. An electron in a state lying below this level bas a much higher probability of capturing 
a hole than of being thermally excited into the conduction band. A similar level DP can be 
defined for the holes in gap states. 

CONDUCTION BAND 

TRAPS [_ ------ - Ern 

[ 
Dn 

RECOMBINATION 
CENTERS 

Dp (- ------ - Erp 
TRA PS 

VALENCE BAND 

Figure 2.9 Band diagram to represent the demarcation levels Dn and DP for electrons and 
holes respectively. The quasi-Fermi levels for electrons and holes, respectively, 

are Efn and Efp· 

In Crandall [3] expressions for the demarcation levels are deduced. The electron demarcation 
level is given by 

(EQ 18) 

where Efn is the quasi-Fermi level for electrons, < is the electron recombination time, < is 
the hole recombination time and Pen and P cp are the capture probabilities for electrons and 
holes, respectively. The hole demarcation level is given by 
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(EQ 19) 

where Efp is the quasi-Fermi level for the holes. The temperature dependence of the 
demarcation levels can be estimated from the last two equations. In general, as temperature 
decreases, they move toward their respective band edges. This increases the number of 
recombination centers and causes the decrease in the photoconductivity with decreasing 
temperatures. 

Recombination 

There are various pathways by which electrons and holes can recombine so as to reestablish 

the equilibrium that has been disturbed by photoexcitation. These can be divided into four 
main categories: (1) direct bimolecular recombination of an electron in the conduction band 
with a hole in the valence band, (2) tail state recombination, the process by which an electron 
in a region of high density of conduction band tail states recombines with a hole in a high 
density of valence band tail states, (3) monomolecular recombination through a trap or 
recombination center, and ( 4) recombination at a surface. The first of these, the direct 
mechanism, is already accounted for in the generation process. In addition, the density of free 
or delocalized electrons and holes is quite small since the high density of tail states contains 
most of the photoexcited charge. Therefore, it is expected that recombination from tail state 
to tail state is the dominant bimolecular type of recombination. This should predominate at 
high excitation intensities. In the steady state, at lower light intensities the bulk of carriers 
are in <leep states or recombination centers so that the third process becomes important. The 

dangling bond is the most important recombination center in a-Si:H. Recombination at 
surfaces is quite likely because the surface contains a high density of <leep states. 

Photoconductivity Mechanism [3] 

Two types of photoconductivity can be distinguished principally determined by the contacts; 
primary and secondary photoconductivity. In primary photoconductivity the contacts do not 
supply sufficient current for the photoconduction process. The contacts are then considered to 
be "blocking" the photogenerated carriers. Increasing the electric field near the contact, or 
increasing the conductivity of the photoconductor does not cause more current to flow from 
the contact. Examples of such contacts to a-Si:H are a high work function metal Schottky
barrier contact and the p-i and n-i interfaces in a p-i-n solar cell. 

Secondary photoconductivity is the most familiar type of photoconductivity and it is applied 
in the Dual Beam Photoconductivity (DBP) experiment described in section 3.3 on page 32. 
It occurs whenever the contacts are ohmic and therefore do not in any way affect the 
photoconductivity. This means that in a homogeneous system that is uniformly illuminated 
the electron and hole densities must be uniform throughout the material. Transport of 
electrons through the material in response to an applied electric field will not affect their 
distribution as it does in primary photoconductivity. Therefore, the steady-state electron 

density n is given directly in terms of the photogeneration rate Gn, which is the number of 
electrons excited per unit time, and the recombination time < by the equation 
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(EQ 20) 

The photocurrent is obtained by dividing this expression by the transit time tn of a free 
electron between the electrodes. Thus the electron photocurrent density Jn is 

(EQ 21) 

This expression shows the significant feature of secondary photoconductivity, that is, it 
exhibits gain. The photoconductive gain g, given by 

(EQ 22) 

is equal to the number of electrons passing through the photoconductor per absorbed photon. 
In this definition it is assumed that each absorbed photon produces a free electron - hole pair. 

A similar expression for the free hole density p can be obtained in terms of the hole 
recombination time 't: and the hole generation rate. It is 

(EQ 23) 

Since 't: is not necessarily equal to <, p and n are not equal. This feature distinguishes the 
insulator case from the semiconductor or trap-free insulator case in which the free-electron 
and free-hole densities are nearly equal. In these high purity photoconductors, with little 
trapping or few states in the gap, charge neutrality requires that n=p. In amorphous silicon 
there is such a large density of states in the gap that there are more electrons and holes in 
traps than in free states. This large reservoir of trapped electrons and holes can easily 
maintain charge neutrality, which permits the free-electron and free-hole densities to be quite 

different. 

Combining the free-electron and free-hole contributions to the photocurent gives for the total 
photocurrent density J the value 

(EQ 24) 

where the second expression follows from equations (15), (16), (17) and the definition of the 
transit time in terms of the mobilities µn and µP of electrons and holes, respectively. In 
equation (24), Vis the voltage applied on the photoconductor and L the distance between the 
electrodes. 

If equation (24) is multiplied by the cross section of the photoconductor wd, it follows that 
the photocurrent in a secondary photoconductor is given by 

(EQ 25) 

ocA 
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where w is the width of the electrodes. In the last part of this equation it is emphasised that 

the photocurrent is proportional to the absorption A if multiple refiections in the film are 
taken into account. In literature usually no refiections in the film are considered. It is then 
found that the photocurrent Iph is proportional to ( 1-R)a in the limiting situation that 
ad<<1[6]. 

Absorption Coefficient from Photoconductivity Measurements 

A similar procedure to that applied to obtain the absorption coefficient from transmission -
refiection measurements is used on photoconductivity measurements. In the latter case, 
however, a photocurrent proportional to the absorption is measured. Thus, with the model 
presented in in section 2.2 on page 16 an expression for the absorption is deduced: 

A=l-T-R 

(EQ 26) 

The refractive index n and thickness d of the sample, as calculated from the transmission 
measurement, together with an estimate of the absorption coefficient a are put into this 

equation to find Acalculated· Newton Raphson iteration of the following relation yields a value 
proportional to the absorption coefficient a: 

(EQ 27) 

where c1 is a constant to scale /ph such that it is not too far out of range of the real A and c2 a 
constant to denote that the result is proportional to a. The effect of this procedure is shown in 
figure 2.10. 
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Figure 2.10 Determination of a from DBP measurements (CPMl). 
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Finally, the relative absorption coefficient from DBP measurements is scaled to the absolute 

absorption coefficient from transmission reflection measurements to get the total absorption 

coefficient. The result is shown in figure 2.11 and is to be compared to the idealized 

absorption edge for an amorphous se mi conductor ( figure 2.1 on page 15). 
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Figure 2.11 The fit of the relative absorption coefficient from DBP to the absolute absorp

tion coefficient from transmission reflection measurements (CPMl). 
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3 Experiments 

3.1 Samples 

The samples made for optical characterisation can be used for both transmission-reftection 
and DBP measurements. In figure 3.1, the sample is shown with the areas suitable for the 
different measurements pointed out. The substrate of the samples is Coming 7059 glass (5 x 
5 cm) with a refractive index of 1.53. The a-SixNy:H layers are deposited on the substrate 
with Plasma Enhanced Chemica} Vapour Deposition (PECVD), which is briefty discussed 
below. Layers are chosen with thicknesses of 300 nm or 2000 nm. Finally, the chromium 
contacts for photoconductivity measurements are sputtered onto the samples. The size of the 

chromium contacts is 10 x 2 mm and the distances between two contacts are 0.5, 2.0 and 5.0 
mm. 

1111 
1111 
1111 

1111 
1111 
1111 

Figure 3 .1 Sample lay out; The dark spot marks the area available for transmission-reftec
tion measurements; The black bars denote the contacts for DBP measurements. 

Sample Preparation with PECVD 

The a-Si:H layers are deposited on the glass substrates by two different multichamber 
PECVD reactors operating at 13.56 MHz, made by Balzers (VIS-100) and Anelva. In the 

Balzers system the gas ftows from top to bottom between the vertically mounted substrates 
and the powered electrode (no showerhead distribution). The electrode distance is 5 cm and 
the electrode area is 10 x 30 cm2. The layers are deposited at a pressure of 40 Pa, a power of 
50 W and using several SiH4 - N2 (undiluted) and SiH4 - N2 - H2 (H2-diluted) gas mixtures at 
temperatures of 190 and 275°C. A full list of the samples is given in appendix A. 

3.2 Transmission - Reflection 

Experimental Setup 

The transmission and reftection measurements are performed with the Lambda 9 UV /VIS/ 
NIR spectrometer from Perkin Elmer. The spectrometer measures with respect to a reference 
beam to minimize environmental noise, such as air humidity and temperature. Both the probe 
as well as the reference beam focused at the sample position, have a size of approximately 10 
x 3 mm. Data acquisition and measurement control is performed by an IBM compatible 
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Personal Computer (PC) linked to the spectrometer. Easy to use software provided by Perkin 
Elmer, automatically corrects for a measured background. 

Probe 
Beam --an-

Sàmple 

Detector 

Figure 3.2 Sample compartment of the Lambda-9 setup for transmission measurements. 

The sample compartment of the spectrometer setup for transmission measurements is shown 
schematically in figure 3.2. Firstly, the two empty sample bolders are placed in the 
compartment and the background, 100% transmission, is measured. Subsequently, the sample 
is placed in the probe beam with the semiconductor layer incident to the light. Depending on 
the sample thickness a wavelength region is scanned ( 400-1400 nm for samples thicker than 

1000 nm and 300-2500 nm for samples thinner than 1000 nm). A typical measured spectrum 
is shown in figure 3.4. 
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Figure 3.3 Sample compartment of the Lambda-9 setup for reftection measurements 

For reftection measurements the sample bolder in the probe beam bas to be replaced by a 
reftection unit. In the reftection unit the probe beam is diverted by a prism and a mirror such 
that it reftects on the sample under a grazing angle and continues its original path to the 
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detector afterwards. The background, 100% reftection, is measured with a mirror placed on 

the reftection unit. Because the reftection of this mirror is wavelength dependent, the 

measured spectrum bas to be corrected for the reftection of the mirror (appendix B). Then the 

sample is placed, insulator layer down, on the three positioning elements of the reftection 
unit (figure 3.3) and the wavelength region, similar to the region for transmission, is scanned. 

In figure 3.4, the resulting spectrum, after correction for the mirror, is shown. 
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Figure 3.4 Typical transmission and reftection results (sample CPMl). 

Reproducibility and Accuracy 

From the interference condition (equation (10)), it can be understood that the locations of the 

extrema in the transmission and reftection spectra depend on the sample thickness. If 
transmission and reftection are measured at different positions on the sample, they could be 
out of phase and the calculated quotient of T and (1-R) will be worthless. Therefore 

positioning of the samples is important. The sensitivity of the samples for positioning is 

tested by measuring the transmission at slightly different positions on the sample (shift of 
approximately ±2 mm). For all reported samples, the measurements reproduce within the 

noise (less than 1 % ). Therefore, if enough attention is paid to sample positioning, no 

significant error should be introduced. 

Swanepoel [15] found that a variation of the layer thickness, as little as 10 nm, within the 
measured spot can introduce a large mistake in the calculated refractive index and absorption 

coefficient in the lower energy region. The extinction of the fringes in the area of weak 

absorption results in an apparently smaller refractive index and a larger absorption 
coefficient. The reported samples are measured with and without a pinhole limiting the 

measuring spot to 1/10 of the original area. Again, measurements reproduce within the noise. 

This eliminates the possibility that thickness inhomogeneity causes an artefact in the results. 
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3.3 Dual Beam Photoconductivity 

Experimental Setup 

The Dual Beam Photoconductivity measurements are performed with the apparatus shown in 
figure 3.5. The apparatus is built at the Philips Nat. Lab. by J.D. Boter [1]. Firstly, a bias 
voltage is applied to two adjacent electrodes on the sample, resulting in the constant dark 
current Udark). Then the monochromatic modulated probe beam is focussed at the area 

between the electrodes on the sample, inducing the probe photocurrent Uprobe). Finally the 
bias beam is focused at the area between the electrodes on the sample, inducing the constant 

bias photocurrent (/bias). The total current through the sample is measured with Phase 
Sensitive Detection (PSD) such that only the current induced by the probe light is monitored. 

Pro be 

0-"f A-T-"9'.-T------~. Mmor ~ Btas 

~ ~ ~Light 
Reference 1 
Frequency 

Control 1 

1 Wavelength 
Control 

; ~Lens 
't / Filter 

i i 1 1 

'--------'~rr_ent ____ __, 

Loek-in Amplifier 

Figure 3.5 The DBP experimental setup 

The bias photocurrent, however, is needed to keep the total number of free carriers nearly 
constant during the wavelength depended measurements. If the total number of free carriers 
is constant, the mobility µ, the life time 't and the quantum efficientcy Tl of the carriers is not 
influenced by the wavelength of the probe beam in equation (25). In this case, the current 
change results from the change in the number of excited carriers and is not due to the change 

in transportation properties of the carriers. It is clear that the bias current needs to be much 

larger than the probe current (/bias>> lprobe). 

Filters are used in both beams for different reasons. In the probe beam the filter is applied to 
filter out the first order light coming out of the monochromator, because only the second 
order light is required. Therefore the probe beam filter must be changed twice scanning the 
whole wavelength region (1350 - 550 nm). Final results have to be corrected for the 
throughputs of the optical system with the different filters (appendix B.2). The red filter in 
the probe beam is used to reduce the flux of high energetic light such that the bias 
illumination is homogeneous throughout the layer. 
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Figure 3.6 Typical DBP measurement results after correction for the filters (sample 
CPMl). 

Before a measurement is started, the sample is placed in the apparatus and heated to the 

desired temperature. Then the GaAs filter is put in the probe beam, the monochromator is set 
to a frequency where the filter is transparent and the phase angle of the loek-in amplifier is 

adjusted. Subsequently, the wavelength region is scanned from long to short wavelength with 

two filter changes and the resulting data are corrected for the throughputs of the optical 

system. The fringes in the resulting photocurrent (figure 3.6) are again caused by interference 

in the a-SixNy:H layer. The reported measurements are performed with the settings listed in 

table 3 .1, unless stated otherwise. 

Parameter Value 

Wavelength Range 1350-550 nm 

Wavelength Step 10 nm 

Filters (Probe Light) GaAs - RG5 +RG8 - OG 1 

Filter (Bias Light) RGl 

Bias Potential 45 v 
Bias Light 4.7 V (on lamp) 

Sample Temperate 100 °C 

Electrode Distance 0.5mm 

Chopping Frequency 10.5 Hz 

Time Constant (Loek-in) 3 sec 

Table 3 .1 Standard settings for DBP measurements 
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4 Results and Discussion 

4.1 Accuracy of the Applied Methods 

Errors can be introduced at several stages in the analysis of transmission - refiection and DBP 
measurements. Firstly, an error can occur during measurement. This error is determined by 
measuring one sample several times under the same conditions. It is found that the 
transmission and refiection measurements reproduce within the random noise ( <1 % ). The 
minimum photocurrent detectable by the DBP-apparatus as described in section 3.3 is 
determined to be in the order of 10 f A. From measurements it can be seen that the signal to 
noise ratio increases considerably if the photocurrent drops below 100 fA. Thus it is highly 
advisable to measure under those conditions that the signal is as large as possible, especially 
for thin samples. These conditions are a small electrode distance, a high probe light flux and 
a high temperature (see section 4.3). DBP measurements reproduce within 5%. From the 
calculation model introduced in section 2.2, it is obtained that the effect of these errors on the 
absorption coefficient is limited to 2.5% for both transmission - refiection and DBP 
measurements. 

Secondly, an error could be introduced by the calculation of the refractive index and 
thickness from the transmission spectrum. It is determined that the error in the wavelength of 
the extrema of the transmission spectrum caused by both measurement error and estimation 
error together is only ±1 nm (<0.5%). The error in the refractive index as calculated from 
equation (8) on page 18 contains a maximum error of 1 % (see figure 2.4) mainly due to 
measurement errors in the transmission spectrum. If, however, the interference condition is 
forced upon the resulting quotient of the refractive index n and wavelength number À, the 
error in the refractive index can be limited to less than 1 % as can be seen in figure 2.6. The 
thickness obtained by the graphical procedure (section 2.3) is accurate within 1 %. Even 
though only 6-8 extrema are available for calculations on thinner samples (appr. 300 nm), the 
same accuracy can be guaranteed because the initia! results of the refractive index are more 
accurate than for thicker samples. This is due to the resolution of the spectrometer 
determined by the slit width; the fringes in the spectrum of a thin film are wider and therefore 
less extinguished by averaging over the wavelength resolution. Again the calculation model 
is used to determine the infiuence of the errors in the refractive index and thickness. It is 
found that errors in the refractive index up to 10%, result in a negligible error in the 
absorption coefficient [1]. An error in the calculated thickness, in contrast, results in an error 
of the same order in the absorption coefficient. The latter is due to the fact that in the model 
the product ad is calculated. Taking the errors resulting from errors in the refractive index, 
thickness and wavelength number in consideration together with an additional factor of 1.5 
for the errors in the numerical model, it can be concluded that the errors in the absorption 
coefficient resulting from calculations add up to less than 3% for both transmission -
refiection and DBP measurements. 

Finally, three independent transmission - refiection measurements are performed on one 
sample to determine the random error. Measurement conditions are kept constant for all three 
measurements. The refractive indices resulting from these three measurements are shown in 
figure 4.1. It is hard to distinguish the results of the three different measurements in this plot 
of the refractive index, leading to the conclusion that the random error in the refractive index 
is much smaller than 1 %. 
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Figure 4.1 The refractive index determined from 3 measurements (sample CPMl). 

The thicknesses calculate from these three different measurements were 1830, 1833 and 1832 
nm; an negligible error. The resulting absorption coefficients are shown in figure 4.2. In the 
energy region above 2.1 e V no significant difference between the resulting spectra of the 
absorption coefficients can be distinguished. In the energy region between 2.0 and 2.1 e V 
interference effects show up and cause a random error of approximately 3%. From figure 4.3 
and figure 4.4, it can be seen that results below 2.1 e V have to be interpreted with the greatest 
care and that the absorption coefficient calculated from transmission - reflection 
measurements can not be trusted at all in the region below 2.0 eV. For DBP similar control 
measurements have been performed resulting in a random error of approximately 5% over the 
whole energy range. 
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Figure 4.2 The absorption coefficient determined from 3 different measurements. (sample 
CPMl) 

For the absorption coefficient measured with transmission - reflection spectroscopy and DBP 
it can be concluded that a total random error of less than 5% has to be taken in consideration 
while interpreting the results. 
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4.2 Transmission - Reflection Spectroscopy 

Samples Deposited at Different Times 

Sample M2-56 is deposited 6 days after the reactor has been serviced, 8 days later sample 

M2-63 is deposited and another 3 days later sample M2-66 is deposited. Except for this 

difference in deposition time, all three samples have been made under the same standard 

conditions (see appendix A). The calculated absorption coefficients have the same shape, but 

are shifted more towards lower energy for samples deposited later (figure 4.3). This shift 

towards lower energy suggests a slightly lower band-gap (~Eg""0.03 eV) for samples 

deposited a longer time after the reactor has been opened. The higher band-gap for the earlier 

deposited sample could be explained by a minor oxygen incorporation; Siüx is an insulator 

and therefore it has a higher band gap than SixNy. The above argument should be correlated 

with composition measurements on material made in the same deposition-runs as the samples 

to be quite certain. The results of these measurements on the composition of the materials, 

however, are at this moment unfortunately not available. 
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Figure 4.3 Samples deposited under identical conditions at different times after the reactor 

had been serviced. 

The difference between samples M2-56 and M2-66 is significant even if the error margin 

discussed in the previous section is taken in consideration. It could be discussed whether the 

difference between samples M2-63 and M2-66 is real, or just caused by inaccurate data 

analysis. An argument to be used in favour of a difference between the two materials is that 

the plot of the earlier deposited sample M2-63 lies in the full region below the later deposited 

sample M2-66. Measurement and analysis errors are not likely to be so consistent over the 

full energy region. An important conclusion to be drawn at this moment is that even though 

the deposition conditions seem to be identical, it is still possible to produce a slightly 

different material. 
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Figure 4.4 Samples measured with and without a pinhole to reduce the inftuence of thick

ness inhomogeneity. 

A remarkable difference between the absorptions of the three samples can be seen in the 

lower energy region below 2.3 eV (figure 4.3). The absorption coefficient of sample M2-56 

does not decrease as rapidly as the other two samples do. Swanepoel [15] suggested that this 

could be due to thickness inhomogeneity in the measured area; extinction of the fringes due 

to thickness inhomogeneity is interpreted as extra absorption. An additional measurement on 

sample M2-66 is performed with the use of a pinhole limiting the light spot to 1/10 of its 

original area. The resulting absorption coefficient is compared to the absorption coefficient 

obtained without the pinhole (figure 4.4). In the energy region above 2.1 eV the absorption 

coefficient is the same for both measurements. In the energy region below 2.1 e V the 

absorption coefficient from the measurement with pinhole is even higher than that without 

pinhole. This effect is opposite to the expected effect and probably due to extra measurement 

inaccuracy introduced by the weaker signal with the pinhole. Therefore the higher absorption 

of sample M2-66 in the region below 2.3 e V can not be explained by a thickness 

inhomogeneity effect. 
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Figure 4.5 Determination of the Tauc gap (sample CPMl). 

38 



Results and Discussion 

The absorption coefficient obtained from transmission - reftection spectroscopy is sufficient 

to determine the Tauc gap. This is performed by extrapolating the linear part of the J(iË, 

versus E curve and taking the intersection with the energy axis (see figure 4.5). All samples 

in this report are made with a Tauc gap of 2.10 ± 0.05 e V. 

4.3 Dual Beam Photoconductivity 

Contacts 

The dark conductivity of several samples is measured to determine the behaviour of the 

contacts. Measurements are performed at different temperatures. Some results are shown in 
figure 4.6. For all samples, the current - voltage characteristic shows a linear dependence. 

Thus it is proven that the contacts on the samples used for the experiments in this report are 
ohmic and the current is completely limited in the bulk a-SixNy:H material properties. 
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Figure 4.6 Typical current - voltage characteristic in <lark for the samples measured at 
electrode distance of 0.5 mm. 

Therefore the photocurrent measured is of the second type and the theory described in 

section 2.4 on page 22 can be applied without any problem. The equation deduced in that 
section for the photocurrent is 

(EQ 28) 

and it will be used to explain the observed effects in the following paragraphs. 

Thickness Dependence of the Photocurrent 

The photocurrents of two samples deposited under the same conditions but with different 
thickness are measured. These samples are CPMl and M2-56. The resulting photocurrents 

scale linear with the sample thickness. This means that even for samples up to 2000 nm the 

absorption is nearly homogeneous over the thickness of the sample. Thus only a small 
fraction of the total light flux is absorbed in the sample. 
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Electrode Distance Dependence 

For sample W2-92, the photocurrent as a function of wavelength is measured at three 

different electrode separations; 0.5, 2.0 and 5.0 mm. All three measurements are performed at 

a sample temperature of 40°C. In figure 4.7 the resulting photocurrent spectra are shown. The 

shape of the three different measurements is the same; the extrema show up at the same 

wavelengths and the distance between the curves remains the same over the whole spectrum. 

The absolute value of the current for the spectrum measured at an electrode distance of 0.5 

mm, however, is approximately a factor 4 higher than the spectrum measured at an electrode 

distance of 2.0 mm (the 1/L dependence expected from equation (25)) and approximately a 

factor 30 higher than the spectrum measured at an electrode distance of 5.0 mm. 
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Figure 4.7 Photoconductivity measurements at 0.5, 2.0 and 5.0 mm electrode separation 
(sample W2-92). 

lt should be noticed however that the probe light spot does not cover the total area between 

the electrodes if those are separated by 5 mm. This does not introduce areas of high 

resistance having different conducting properties between the electrodes because the bias 

light, which has a much higher intensity than the probe light, does cover the whole area. lt 

does however limit the average flux F between the electrodes and therefore the total 

photocurrent. It can thus be concluded that the photocurrent is proportional to the inverse of 

the distance between the electrodes, even though the figure might suggest another 

dependence. 

Temperature Dependence 

The photocurrent spectrum of sample W2-89 is measured at four different temperatures; 40, 

60, 80 and 100°C. The electrode distance at the sample is held constant at 2.0 mm. The 

resulting photocurrent spectra are shown in figure 4.8. The logarithm of the photocurrent 

scales linear with the temperature for wavelengths up to approximately 1000 nm. At higher 
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wavelengths the photocurrent rise caused by an increase of measurement temperature is more 

moderate. After a close examination of equation (25) for the secondary photocurrent only the 

quantum efficiencies for generation of electrons and holes, the mobilities of electrons and 

holes and the recombination times for electrons and holes are left over as possible candidates 

causing the temperature dependency of the photocurrent. 
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Figure 4.8 Photoconductivity measurements at 40, 60, 80 and 100°C (sample W2-89). 

For simplicity, only the temperature dependent electron behaviour will be considered; for 

holes similar arguments are valid. The quantum efficiency for the generation of free electron 

is dependent on the temperature. The temperature effect on the quantum efficiency of 

electron generation, however, is negligibly small [3]. The second candidate for the increase 

in conductivity as function of temperature is the mobility of the electrons. The vibrations of 

the atoms in the amorphous semiconductor become stronger if the temperature is increased 
and for this reason the electron collision cross-section also increases. This results in a 

decrease of the electron mobility. Based on the electron mobility the opposite temperature 

dependence of the photocurrent is expected and therefore the electron mobility also can not 

satisfactorilly explain the observed effect. 

Taking all the above in consideration, the electron recombination time must be the parameter 

most responsible for the temperature dependence of the photocurrent. If temperature 

increases the electron demarcation level moves away from the conduction band edge. By 

definition of the demarcation level (section 2.4) this reduces the number of recombination 

centers and increases the number of traps. Electrons in a trap have a higher possibility of 

being thermally excited to the conduction band than of capturing hole. Electrons in the 

recombination centers, on the contrary, have a higher probability of capturing a hole than of 

being thermally excited to the conduction band. Therefore the recombination time and thus 

the photocurrent is increased by a temperature increase. For better understanding of the 

temperature dependence of the photocurrent more research is needed. 
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Other observations 

The photocurrent spectra of six different thick a-SixNy:H samples deposited from different 

gas mixtures at different temperatures and reactor electrode distances are shown in figure 4.9. 

Measurements on all samples are performed at room temperature and an electrode distance of 

2 mm. Nearly all photocurrent spectra are parallel; only that of W02-14 seems a little steeper 

than the others. The locations of the extrema do not match up because sample thicknesses 

differ a little. Most remarkable though is the large difference between the conductivities of 

the samples; the highest photocurrent occurs in sample W2-86 and is a factor 100 larger than 

the lowest photocurrent in sample W02-14. 
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Figure 4.9 Photocurrent for six samples (±2000 nm), measured at room temperature and 
with a electrode distance of 2 mm. 

Because of the observation of this large difference in photoconductivity of the samples 

shown in figure 4.9, the dark conductivities of four samples are measured at different 

temperatures. The smallest electrode distance on the sample of 0.5 mm is used. Results are 

used to calculate the activation energy Eact and the prefactor 10 of the dark current density 

according to the following relation: 

(EQ 29) 

In table 4.1, the results for the activation energy, prefactor, dark current and photocurrent are 

listed. Before a comparison of these results is made, it should be noticed that the 
photocurrent and dark-current are measured at different temperatures, 25 and 40°C 
respectively and that the photocurrent is given for a probe light wavelength of 700 nm only. 
From the discussion of the temperature dependence of the photocurrent, however, it is clear 

that the photocurrent scales with temperature and that little or no wavelength dependence is 
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present in the spectrum. Therefore the observed sealing between the photocurrent and dark
current is not to be doubted. 

At this moment no complete theoretica} description of the relation between the photocurrent 

and the dark-current can be given. It is obvious that detailed information on the transport and 

recombination properties can be extracted from experiments like this. Therefore it is 
recommended to pay some attention to this effect in further research. 

Sample Dark Illumination 

Eact (eV) Jo (A/cm2) Idark(pA) Iph (pA) 
(40°C,45V) (25°C,45V, 700 nm) 

W2-86 0.74 1.0 x105 2.8x101 4. Ix101 

W2-89 0.80 3.2x104 l.lXlOO 2.lXlOO 

CPMI 0.75 3.2x103 6.6x10-1 6.8x10-1 

M2-5 0.84 5.0x104 5.lxl0-1 5.8x10-1 

Table 4.1 Values of the activation energy, prefactor, dark current and photocurrent 

for some of the samples shown in figure 4.9. 

4.4 Characterisation of Thin Films 

Finally, it must be established if the absorption coefficient obtained from the combination of 

transmission - reftection and DBP measurements, can be used to distinguish between silicon 
alloys deposited under different conditions. The measurements of the absorption coefficients 

are performed under identical conditions to rule out major artefacts. Not all samples used for 
this experiment have the same thickness. Since thickness is not a material property, its 

inftuence on the absorption coefficient has to be determined separately and extracted from the 

results. 

To determine the inftuence of the thickness on the full absorption spectrum, measurements 
are performed on sample M2-56 with a thickness of 258 nm and sample CPMl with a 

thickness of 1930 nm. Both samples are deposited in the Balzers reactor under identical 
conditions. The resulting absorption coefficients are shown in figure 4.10. The results agree 

entirely within the experimental uncertainty. Therefore the absorption coefficients of samples 

with a thickness between 250 and 2000 nm can be directly compared to each other without a 

thickness correction. 
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Figure 4.10 The absorption curves of three different samples; CPMl (1832 nm, Balzers), 
M2-56 (258 nm, Balzers) and 80341 (344 nm, Anelva). 

In the same figure, the absorption coefficient of sample 80341 is shown (figure 4.10). This 

sample is deposited in the Anelva system at base-line conditions. The reactor settings of the 

Balzers and Anelva systems cannot be compared. The absorption coefficients can be 

compared and they differ significantly. The absorption due to the transition between the 

extended states of the valence and conduction bands is rather similar for both samples. This 

is in agreement with the theory outlined in section 2.1 on page 15 for semiconductors with 

equivalent band gaps. The Urbach-edge of the absorption coefficient spectrum, resulting 

from transitions between the localized states in the conduction and valence band tails, is 

ftatter for the Anelva sample. The width of the absorption edge E0 is calculated for both 

samples and given in table 4.2. In the low energy region of the spectrum, the absorption 

coefficients of both samples show the shoulder typical in the absorption edge of an 

amorphous semiconductor. As a result of the wider Urbach-edge, the number of <leep states is 

larger in the Anelva sample. 
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Sample ET (eV) E0 (meV) Thickness (nm) Deposition Site 

CPMl 2.1 115 1832 Balzers 

M2-56 2.1 115 258 Balzers 

2D704 2.1 140 304 Anelva 

8D341 2.1 130 344 Anelva 

Table 4.2 The optica! gap, tail width and thickness for the samples discussed in this 
section. 
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Figure 4.11 Two samples from the Anelva system compared to sample CPMl from the 
Balzers system. 

In figure 4.11, two Anelva samples are shown in comparison to the reference sample CPMl. 
Sample 2D704 is produced at base-line conditions. A year later sample 8D341 is made at new 
base-line conditions. The Urbach-edge of sample 8D341 is steeper than the Urbach-edge of 
the older sample 2D704. The values of E0 are determined for all three samples and shown in 

table 4.2. Even though the base-line conditions for deposition of the two Anelva samples 
differ only a little, a significant difference in absorption edge could be found with the 
combination of transmission - reflection and DBP measurements. Therefore it is concluded 
that these techniques are well suited to characterise thin film silicon alloys deposited under 
different conditions. 
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5 Conclusions and Recommendations 

5.1 Conclusions 

• The refractive index and thickness of the film can be accurately determined from transmis
sion measurements. For thin samples, however, the number of fringes in the transmission 
spectrum is limited and therefore interpolation of the refractive index is more difficult and 
less accurate as for thick samples. 

• From the interference free region of the reflection a good initia! estimate for the refractive 
index in the high energy region can be calculated. A more precise calculation can only be 
performed after the extinction coefficients are determined. 

• The absorption coefficient can be obtained within an error margin of 5% from samples 
with a thickness of 300 nm as well as from thicker samples; resolution of the transmission 
and reflection measurements and thickness inhomogeneity have a worse influence on thick 
samples than on thinner samples. 

• The absorption coefficient calculated from transmission - reflection measurements is not 
to be trusted in the energy region below the Tauc gap ET (approximately 2.1 e V for 
a-SixNy:H). Therefore photoconductivity measurements are necessary to obtain informa

tion on the valence band tail and the <leep states. 

• In samples produced under nominally identical deposition conditions small difference in 
optica! gap can occur. 

• The positive temperature dependence of the photocurrent can be explained by the decrease 
of states in the optica! gap acting as recombination centers with an increase of the temper
ature. 

• Increasing the electric field and temperature improves the signa! to noise ratio of DBP 
measurements. 

• No influence of sample thickness on the absorption coefficient can be detected between a 
250 and 2000 nm sample deposited under the same conditions. 

• The absorption coefficient measured with the combination of transmission - reflection 
spectroscopy and DBP has proven to be a useful tool to distinguish between thin semicon
ductor films deposited under different conditions. 

5.2 Recommendations 

• The large difference in photoconductivity observed in some samples during this project 
and the relation of this difference in conductivity to the <lark current activation energy 
should be further explored. 
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• In literature a dependence of the photocurrent in the low energy region on the chopping 

frequency is reported. This is related to the reaction times of <leep state excitations on a 

photon flux. Interesting information on <leep state might be deducable from measurements 

of the chopping frequency dependency. 

• The suggested non-linearity in the temperature dependence of the photocurrent in the low 
energy region of the spectrum should be subject to further research. 
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Appendix A Samples 

Sample Date Thickness SiH4 / N1 I H2 T Egap 
(nm) (seem) (oC) (eV) 

CPMl 15/03/93 1832 5 / 125 / 100 275 =2.1 

W02-14 12/07/94 = 2000 * 3 /70 190 =2.1 

W2-86 08/03/94 = 2000 * 3 / 70 275 =2.0 

M2-5 04103194 = 2000 * 3 / 70 190 =2.1 

W2-89 09103194 = 2000 * 5 / 125 / 100 190 =2.1 

W2-92** 10/03/94 = 2000 * 8 / 125 / 45 275 =2.1 

M2-56 08/09/94 258 5 / 125 / 100 275 =2.1 

M2-63 16/09/94 349 5 / 125 / 100 275 =2.1 

M2-66 19/09/94 314 5 / 125 / 100 275 =2.1 

Table A.1 Samples made in the Balzers VIS-100 reactor. *) Estimated from deposition 
rate and time; **) Electrode distance of 3 cm instead of 5 cm. 

Sample Date Thickness SiH4 / N2 / H2 T Egap 
(nm) (seem) (oC) (eV) 

F300 1993 325 base-line 275 =2.1 

2D704 1993 304 base-line 275 =2.1 

8D341 1994 344 base-line 275 =2.1 

Table A.2 Samples made in the Anelva reactor. 
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Appendix B Measurement Calibration 

B.1 The Absolute Reflection of the Calibration Mirror 

The background intensity for refiection measurements, 100% refiection, is measured with an 

aluminium mirror, Al2/365. Reftection of the samples is automatically measured with 

respect to this background. The absolute refiection of the mirror (figure C.1), however, is not 

100%. Therefore measured refiections must be corrected for the absolute reflection of this 

mirror. 

502TBS09A-

95 

85 

500 1000 1500 2000 2500 3000 
À (nm) 

Figure B .1 The absolute refiection of the aluminium mirror A 12/365. 

In the following equation the relation between the different refiections is given: 

R R sample, measured R 
sample = R · mirror, absolute 

mirror, measured 

(EQ 30) 

Thus the sample refiection is calculated by multiplying the measured reflection with the 

absolute reflection of the mirror. 
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B.2 System Throughput for the Filters 
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Figure B.2 The DBP experimental setup for filter calibration measurements. 

The standard DBP apparatus is changed slightly to measure the throughput of the optica! 
system. In figure B.2 the calibration apparatus is shown schematically. Instead of the 
photocurrent, now the potential difference over a PbS detector is measured wavelength 
dependend with PSD. For every filter a full scan of the wavelength region is made and 
corrected for the sensitivity of the PbS detector (figure B.3). 
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Figure B.3 Measurements of the system throughput for the GaAs, the combination of the 
RG5 and RG8 and the OGl filters. 

The photoconductivity measurements have to be divided by the system throughput for the 

used filter to correct them. 
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