
* LA-UR - 95- 3 6 0 6  

Los Alamos National Laboratory is operated by the University of California for the United States Department of Energy under contract W-7405 ENG-36 

RECEIVED 
NOV 2 7 1995 

O S T I  
Title: RESPONSE OF INTEFXIIGJTATED CVD DIAMOND 

ANGSTROM TO 240 ANGSTROM 
PHOTOCONDUCTORS TO X-RAYS IN THE SPECTRAL RANGE 125 

Author(s): Sung S. Han, MST-11; Ronald S. Wagner, MST-11; Erik 
Gullikson, Lawrence Berkeley Laboratory 

Submitted to: Nuclear Instruments and Methods, A 
Associated Electronics and Applications 
Grenoble, France 9/18/95 

By acceptance of this article, the publisher recognizes that the U.S. government retains a nonexclusive, royalty-free license to publish or reproduce the 
published form of this contribution, or to allow others to do so, for U.S. Government purposes. 

The Los Alamos National Laboratory requests that the publisher identify this article as work performed under the auspices of the U.S. Department of Energy. 

Los Alamos National Laboratory L 0 s A 1 a IIKU CD s Los Alamos,New Mexico 87545 

FORM NO. 836 R4 
ST. N 0 26295/81 



Response of diamond photoconductors to soft x-ray 
in the spectral range 125 k to 240 k 

S. Han* and R. S. Wagner 

MST-11, Los Alamos National Laboratory, D429, Los Alamos, NM 87545 

E. Gullikson 

Center for X-ray Optics, Lawrence Berkeley Laboratory, Berkeley, CA 94720 

Abstract 

Due to the large bandgap of diamond, it is transparent to the visible spectrum, 

making it an attractive material for soft x-ray detection. Response of diamond 

photoconductors fabricated using polycrystalline chemical-vapor-deposited (CVD) diamond 

to soft x-rays has been measured using x-rays emitted from a laser-produced plasma source 

in the spectral range 125 A to 240 A. These photoconductors have interdigitated electrode 

structure in order to increase the active area as well as detector sensitivity. Contributions to 

the detector sensitivity by the photoelectrons is discussed. 
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I. Introduction 

Much of the photon detection in the soft x-ray range relies on silicon photodiodes. 

The reliance on the photodiodes is possible because the majority of the operational 

environment is absent of radiation fields that may cause extensive radiation damage to the 

detector. Silicon XUV photodiodes have high sensitivities to soft x-rays (can be as high 

as 270 mA/W1 between 50 eV and 5 keV) and is readily available in large quantities. For 

the planned National Ignition Facility (NIF), the x-ray detectors should be insensitive to 

driving laser wavelength in 1.05 pm range and must survive extreme radiation 

environment, especially against displacement damage due to high energy neutrons.2 

However, some of the major shortcomings of silicon are its susceptibility to radiation 

damage and optical radiation. Therefore, an alternate material is desired and diamond is 

currently proposed as a possible candidate. 

Diamond has many advantages over other semiconductor materials, such as silicon 

or germanium. Diamond is faster due to larger saturated carrier drift velocity3 (a factor of 2 

greater then Si), less noisy due to lower dielectric constant, and more resistant to atomic 

displacement (displacement threshold is approximately 43 eV4 compared with 

approximately 20 eV for silicon). Due to its large band gap, a junction is not necessary to 

reduce the leakage current for proper operation of the detector at room temperature. 

Therefore, a detector can be made into a simple metal-semiconductor-metal (MSM) device 

with a mode of operation being that of a photoconductor,5 and is also referred to as 

conductivity modulated detectors6 when it is applied to detect particles rather than photons. 

Furthermore, the large bandgap also serves as a natural filter against the optical radiation. 

In this paper, spectral (in)dependent responses of polycrystalline CVD diamond 

photoconductors are described. Detector fabrication and measurement apparatus as well as 

the method of sensitivity calibrations are described in detail. 
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11. Experimental Procedure 

A. Detector Fabrication 

All CVD diamond films used were purchased from a commercial supplier7 and 

were grown using a DC Arc jet technique. This method of growth has been shown to 

produce films with bulk electrical properties8 such as carrier mobility and lifetime 

comparable to or greater than natural single-crystal type IIa diamond. The mean grain size 

of the crystallites on the growth surface was measured to be approximately 51 pm (Fig. 1). 

The thickness of the sample was measured to be approximately 280 pm. Even though the 

atomic number of diamond (Z=6) is small, the absorption lengths for photons having 

energies between the band-edge and about 4 keV are all less than about 100 pm (Fig. 2). 

Therefore, thickness of the acquired diamond film is more than adequate to stop all x-rays 

in the spectral range 125A - 240 A. 

The as-received diamond films were first cleaned with hot chromic acid which was 

prepared as a saturated solution of chromium trioxide in sulfuric acid. This procedure has 

been shown to eliminate any graphite or non-diamond material, such as amorphous carbon 

from the surfaces of diamond.92 109 11- 12 After this step, the samples were rinsed in de- 

ionized water followed by rinses in 0.1 M N&OH and 0.1 M HC1. Then, the samples 

were rinsed in de-ionized water and dried. At this point, the samples were considered 

ready for processing into detectors. 

The detectors that operate as photoconductors were fabricated using 

photolithography and lift-off process on the growth side of a diamond sample. The 

detector geometry was that of interdigitated structure (Fig. 3). This detector geometry was 

chosen for high sensitivity as well as large detector area. The channel width was 75 pm 

with the strip width of 25 pm. The metal deposition for the electrical contacts was 

accomplished using an electron-beam evaporator with the first metal being 400 A Ti, 

followed by a 2500 A Au overlayer. The contacts were then annealed at 450 "C for 20 min. 
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After the fabrication process, a detector was incorporated into an N-type connector. 

For all fabricated detectors, the leakage currents measured in dark with 5 kV/cm of applied 

electric field were much less than 1 nA. 

B. Measurement Apparatus 

The soft x-ray source used in the measurement was a laser induced plasma source. 

The laser used to produce the plasma was a frequency doubled Nd:YAG at a wavelength of 

532 nm with the delivered energy of 330 &/pulse nominal in 10 ns at a maximum 

repetition rate of 10 Hz. The laser was focused to a Au target to produce a broad band x- 

ray spectrum with most of the x-rays appearing in the spectral range 80-250 A but greatly 

reduced intensities of x-rays in the spectral range down to 44 A or up to 500 A do exist. A 

particular x-ray wavelength was then selected using a high throughput monochrometer13 

with the resolving power E/AE of about 100 to 500 depending on the slit width and the 

grating aperture. Access to the aforementioned x-ray spectral range was established using a 

set of three gratings. A normalizing annulus detector, Io, which intercepts a small fraction 

of the incident x-ray flux, was used to normalize shots to reduce any shot-to-shot 

variations. The reflectometer chamber was under vacuum with the pressure maintained at 

about 3x10-5 torr during the measurement. The complete schematic of measurement 

apparatus can be seen in Fig. 4A. The specifics of the laser plasma source construction and 

operation are described elsewhere.14 

The signal processing and data acquisition were similar to a system that can be 

found in any pulse counting apparatus (Fig. 4B). The charge created in the diamond 

detector was transferred to a charge-sensitive preamplifier. The signal output from the 

preamplifier was then amplified by a Gaussian shaping amplifier. The shaping time used in 

the measurement was 3 ps for both the photodiode and the diamond detector. After 

shaping, the signal was then transferred to an oscilloscope and an analog-to-digital- 

converter (ADC) to be digitized. The digitized pulse-heights were stored with a personal 

computer. 
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The sensitivity calibration of the diamond detector was accomplished by comparing 

the signal output of the device-under-test (DUT) to an absolutely calibrated silicon XUV 

photodiode. By knowing the normalized response of the XUV photodiode and its spectral 

sensitivity, the diamond photoconductor sensitivity could be measured directly. The 

relationship used was 

where SD = Sensitivity of diamond photoconductor (AN) ,  Ssi = Sensitivity of silicon 

XUV photodiode (A/W), OD = signal output of diamond photoconductor, Osi = signal 

output of silicon XUV photodiode and 01, = signal output of the normalizing detector. 

From the spectrally dependent sensitivity, the quantum efficiency (QE) could be calculated 

as a function of wavelength. QE for the diamond detectors used in the measurements 

represented the charge induced per incident photon. The spectral range of the diamond 

response calibration was limited by the extent of silicon XUV photodiode calibration. 

111. Results and Discussion 

In each measurement, the response of a diamond photoconductor normalized to Io 

detector is recorded. The normalized response is then used along with the calibrated XUV 

photodiode to deduce the measured diamond detector sensitivity. Because the sensitivity of 

a photoconductor varies as applied bias voltage, the diamond detector sensitivity as a 

function of voltage is measured and is expected to vary linearly. But as long as the incident 

photons are absorbed within the detector volume, the sensitivity should be independent of 

the photon wavelength. 

The sensitivity of the detector as a function of photon wavelength for two extreme 

range of applied bias voltage levels is shown in Fig. 5. The sensitivity appears to be quite 

independent of the wavelength across the entire spectral range. The mean sensitivity at an 
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applied bias voltage of 300 V is observed to be approximately 2.2 mAJW with the variation 

of about 10% with the corresponding quantum efficiency of 0.2. The sensitivity saturates 

at the highest applied bias voltage (= 40 kV/cm at the detector surface) due to carrier drift 

velocity saturation. 

A possible explanation for the variation in the sensitivity as a function of photon 

energy is that the photons in the given spectral range have attenuation lengths of less than a 

micron from the surface. To the first order, the carrier diffusion to the growth surface 

leading to surface recombination of carriers plays an important role. The sensitivity at 

lower photon energies would be less than at the higher energies if the surface 

recombination of the free carriers is significant because the absorption of the lower energy 

photons occurs at much shorter distances. In fact, the sensitivity does decrease as a 

function of longer wavelength (Fig. 5)  as expected. Therefore, the surface recombination 

does appear to play a significant role in determining the ultimate sensitivity to the lower 

energy photons. 

Finally, the influence of the photoemission from the metals needs to be considered. 

The metal photoemission contribution is mainly due to the gold overlayer. According to 

Day et al.,15 the electron yield per photon was measured to be on the order of 10-6 

electrons per photon in the spectral range in question. Furthermore, the ratio of the 

diamond surface to the gold surface was three. At the lowest applied bias voltage, the 

metal photoemission appears to contribute greatly to the sensitivity (Fig. 5A). This 

contribution can be seen by the fact that the spectral dependenent sensitivity varies similarly 

to that of a x-ray diodes (XRD). On the other hand, with the detectors quantum efficiency 

being on the order of 0.2 at the highest applied voltage the detector operation to be 

dominated by photoconductivity rather than metal photoemission in determining the 

detector sensitivity. 

IV. Conclusions 
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A polycrystalline CVD diamond detector with surface metal contact structure has 

been successfully fabricated on the rough growth side of the CVD diamond film and tested 

to be used in the detection of soft x-rays. This is possible due to the fact that the absorption 

depth of the photons from the band edge to about 5 keV requires less than a few hundred 

microns of diamond thickness. In the operation of the detector, the surface recombination 

effects along with the transport-property variation appear to be the dominant sources of 

spectrally dependent sensitivity. Finally, the contribution in the measured detector 

sensitivity by the metal photoemission from the surface contacts appear to be negligible. 
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FIGURES AND TABLES 
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Figure 1: Scanning electron micrograph of the growth surface of the diamond film used to 

fabricate the detectors. The mean grain size of the film on the growth surface was 

measured to be 51 pm. 
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Figure 2: The (l/e) photon attenuation length in diamond as a function of photon energy as 

calculated with XCAL.16 
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Figure 3: A schematic diagram of the detector geometry. 
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Figure 4: A schematic of the measurement apparatus: A) Source-DUT configuration, B) 

signal-shaping electronics and data acquisition. 
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Figure 5: Sensitivity and quantum efficiency of a diamond photoconductor as functions of 

x-ray wavelength and applied bias voltage: A) 300 V and B) 100 V. The sensitivity of the 

detector is flat within +lo% over the entire spectral range. 
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Figure 6: Mean sensitivity of CVD diamond photoconductor as a function of applied 

electric field at the detector surface. The limits of the error bars are the maximum and 

minimum of the variations about the mean sensitivity. 
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