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1. Introduction

The image pickup tubes with amorphous selenium (a-Se) High-gain Avalanche Rushing amorphous Photocon-
ductor (HARP)!! realizes both high sensitivity and good picture quality. The color camera using this tube is now
widely used under poor lighting conditions, such as for shooting nocturnal animals and underwater, for medical X-ray
imaging and for astronomical observation.

Recently, new high sensitivity solid state image sensor which connects CMOS readout circuits with HARP
layer using indium (In) microbump electrodes was proposedl?]. This image sensor is expected to realize a compact
high sensitivity color camera.

In this solid state image sensor, it is necessary to cause avalanche multiplication at a relatively lower bias
voltage than in a tube considering the endurance voltage of the readout circuit.

We optimized the thickness of a HARP layer for the image sensor and, furthermore, investigated the improve-

ment of the sensitivity by increasing the quantum efficiency with tellurium (Te)-doping.

2. Design of the a-Se thin HARP layer
When high voltage is applied to an a-Se layer, electron-hole pairs produced by an incident photon are acceler-
ated by a large electric field. These accelerated carriers produce other electron-hole pairs by impact ionizationl !,
Assuming that a uniform electric field is applied to an whole a-Se layer and that photogenerated carriers are

only produced at the surface of a layer, the multiplication factor M is described as

M = B-0exp(B-o)L)
B—ocexp((B-0)L)

(M

where L is the thickness of the a-Se layer, « is the impact ionization factor of the electron, and 3 is the impact

ionization factor of the holel3].
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Fig. 1. Dependence of multiplication factors on a-Se thickness and bias voltage.
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Fig. 2. Calculation model of quantum efficiency for Te-doped a-Se.

The ionization factors « and j are
a =3.8x107 exp (-1.5x107 / E) (2)
B =1.7x107 exp (-9.3x10 / E) (3)
where E (V/cm) is the applied electric fieldl*!.

The multiplication factors were calculated by using equations (1), (2) and (3) as shown in Fig. 1. As the thick-
ness of an a-Se layer decreases, the bias voltage required to cause avalanche multiplication falls. It is known, however,
that dark current is higher in thinner layers with the same multiplication factor and that it is also higher at a higher bias
voltage for the layer with the same thickness(®]. The increase of dark current degrades picture quality. Therefore, in
order to achieve the aimed multiplication factor of 4 with a low dark current at the bias voltage of 60 V, we decided that

the suitable thickness of a-Se layer for a solid state image sensor should be 0.4 pm.

3. Increasing quantum efficiency with Te-doping

As mentioned above, the multiplication factor obtained in the solid state HARP image sensor is less than that in
the tube, such as 10 in the earliest HARP tubel!l, due to the endurance voltage of the readout circuit. We investigated
the improvement of the sensitivity by increasing the quantum efficiency with Te-doping.

To estimate the improvement of the quantum efficiency of a-Se HARP layer with Te-doping, we assumed the
model consisted of three layers as shown in Fig. 2 and calculated the quantum efficiency for a wavelength of 540 nm at
an electric field of 1.2x108 V/m. In this model, it is assumed that the electric field of the first layer is reduced by doping
lithium fluoride (LiF) by tenth and the doping concentration of Te is 15 %.

Here, L2 = 0 nm means the conventional HARP layer for solid state image sensor. Also 1.2 = 60 nm is equivalent
to the extended red HARP layer of image pickup tubel8].

The calculation results are shown in Table 1. The quantum efficiency is increased as thickening the Te-doped
region. For example, the quantum efficiency in the case of L2 = 120 nm is twice higher than that in L2 = 0 nm, also 20
% higher than that in L2 = 60 nm.

4. Characteristics of Te-doped thin HARP layer

Based on the calculated results of quantum efficiency, we investigated the characteristics of 0.4 um-thick HARP
layer with four kinds of Te-doped layer thickness shown in Fig. 3.

The current-voltage characteristics is shown in Fig. 4. The signal current with the Te-doped thickness of 120 nm
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Table 1. Quantum efficiency.

Thickness of Measured
Te-dope?i layer . (with correction)
0 nm 0.30 0.31

30 nm 0.41
60 nm 0.50 0.47
90 nm 0.56 0.57
120 nm 0.60 0.63
150 nm 0.63
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Fig. 3. Experimental HARP layer structure.

using HS-G1 filter was 3 times larger than that of non-doped and was twice larger even than that with the 60 nm-thick
Te-doped layer.

The bias voltage is supposed to be almost applied to the third layer, because the resistivity of Te-doped layer is
lower than that of pure a-Se layer. As thickening the Te-doped layer, the thickness of third layer decreases in this film
strycture and then the electric field of the layer increases. This causes the shifts of both signal and dark current curves
to low bias voltage region with thicker Te-doped layer.

The avalanche multiplication in HARP layer occurred at an electric field of 1.2x108 V/m which the calculation
was conducted. It is difficult to measure the quantum efficiency directly at this electric field. Therefore the quantum
efficiency at a electric field of 1.2x108 V/m is estimated by using the current-voltage characteristics and the quantum
efficiency measured at an electric field of 1.0x10® V/m (Fig. 5). In addition, the estimated quantum efficiency was
corrected considering the transmittance of faceplate glass, Indium-Tin-Oxide (ITO) transparent electrode and hole
injection blocking layer (GeO,+Ce0,). The results agree with the calculated values as shown in Table 1.
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Fig. 5. Measured quantum efficiency at an applied

Fig. 4. Current - voltage characteristics. electric field of 1.0 x 10® V/m.
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5. Conclusion

We decided the thickness of a-Se HARP layer for solid state image sensor as 0.4 um considering the endurance
voltage of the readout circuit. With this thickness, the avalanche multiplication factor of 4 was obtained with a low dark
current at the bias voltage of 60 V.

Furthermore, we investigated the improvement of the sensitivity of the thin HARP film by increasing the quan-
tum efficiency with Te-doping. The quantum efficiency at a wavelength of 540 nm of a-Se HARP layer with 120 nm-
thick Te-doped layer is proved to be about twice higher than the non Te-doped layer by both the simulation and the

experiment.

Acknowledgement

W. D. Park would like to thank the Japan Science and Technology Corporation for giving the opportunity to do
this research. This research was accomplished under the Science and Technology Agency of Japan (STA) Fellowship
Program at the NHK Science and Technical Research Laboratories.

References

[1] K. Tanioka, J. Yamazaki, K. Shidara, K. Taketoshi, T. Kawamura, S. Ishioka and Y. Takasaki : ““An Avalanche-
Mode Amorphous Selenium Photoconductive Layer for Use as a Camera Tube Target”, IEEE Electron Device Letters,
Vol. EDL-8, No. 9, pp. 392-394 (1987).

[2] Y. Takiguchi, H. Maruyama, M. Kosugi, F. Andoh, T. Kato, K. Tanioka, J. Yamazaki, K. Tsuji and T. Kawamura
: “A CMOS Imager Hybridized to an Avalanche Multiplied Film”, IEEE Trans. on Electron Devices, Vol. 44, No. 10,
pp-1783-1788 (1997).

[3] J. L. Moll : Physics of Semiconductor Devices 2nd Edition, Chap. 1, Wiley, New York (1981).

[4] K. Tsuji, Y. Takasaki, T. Hirai and K. Taketoshi : “Impact lonization Process in Amorphous Se”, I. Non-Cryst.
Solids, Vol. 114, pp. 94-96 (1989).

[5] J. Yamazaki, M. Kubota, H. Maruyama, K. Tanioka, K. Shidara, T. Hirai, K. Tsuji, Y. Takasaki and M. Yamamoto
: “Avalanche-Type Ultra-High-Sensitive Pickup Tube”, J. Institute of Television Engineers, Vol. 46, No. 9, pp. 1189-
1198(1992).

[6] S.H.Hagenand P. J. A. Derks : “Photogeneration and Optical Absorption in Amorphous Se- Te Allys”, J. Non-
Crystalline Solids, 65, pp. 241-259 (1984).

[7] D.M. Pai and R. C. Enck : “Onsager mechanism of photogeneration in amorphous selenium”, Physical Review
B, Vol. 11, No. 12 (1975).

[8] K. Tanioka, J. Yamazaki, S. Suzuki, E. Hiruma, K. Shidara, Y. Takasaki, K. Tsuji and T. Hirai : “Extended Red
HARP Camera Tube”, ITEJ Technical Report, Vol. 12, No. 50, pp. 37-42 (1988).

99





