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Depletion layer imaging using a gaseous secondary electron detector
in an environmental scanning electron microscope
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We present a method for imaging depletion layers using the gaseous secondary electron detector
(GSED employed in environmental scanning electron microscopes. GSED imagespenf a
junction were obtained from a $?"PN power diode. Behavior of the junction contrast as a
function of imaging conditions is unrelated to reported GSED contrast formation mechdmsms

L. Fletcher, B. L. Thiel, and A. M. Donald, J. Phys. 8D, 2249 (1997]. Optimum imaging
conditions are presented, and the contrast behavior is interpreted in terms of a previously unreported
induced current component in GSED images. The presented technique is unique as it will enable
imaging of depletion layers in uncoated semiconductor/oxide devices in controlled gaseous
environments at elevated specimen temperatures19@9 American Institute of Physics.
[S0003-695(199)01427-9

Depletion layers ap-n junctions of semiconductor de- as a high gain signal amplififrAt a fixed gas pressuré,
vices can be imaged in a scanning electron microscopand specimen-detector distanag, the gain (contrast in
(SEM) using the electron beam induced currgfEBIC) GSED imagegis controlled by varying the magnitude 9§
signal® The boundary betweep andn-type regions can be (30-550 \J. The GSED is insensitive to light. It is therefore
observed using the voltage contfashd capacitively decou- possible to obtain high spatial resolution images at elevated
pled displacement currehsignals. Dopant contrast can be specimen temperatures.
imaged in secondary electrdSE) images obtained using a The specimen used in this study was a 1IN4GOZPN
field emission gun SEM operated at a beam energy of appower diode, cross-sectioned parallel to the lead axis to ex-
proximately 1 keV, where the SE yield maximiZ&Sin this  pose the silicon device and polished to an optical finish using
letter, we report a method for depletion layer imaging usingdiamond abrasives. GSED, EBIC, and absorbed current im-
a previously unreported induced current signal component iaging was performed using ¥/-gun FEI-Philips XL30
SE images obtained using the gaseous secondary electr@SEM equipped with a GW Electronics type 31 specimen
detector(GSED). The technique is unique in that it permits current meter. Water vapor was used as the gas in the ESEM
electron imaging of uncoated devices as a function of gagshamber.
type and pressur@up to 20 Tory as well as specimen tem- The location of thep-n junction within the Si device is
perature in an environmental SE@SEM). shown in the mixed GSED/EBIC image, Fig. 1. The EBIC

The ESEM can operate at specimen chamber pressurgfgynal was measured by connecting both sides of the diode to
of up to 20 Tor® Conventional SEMs typically operate at ground. Then side was earthed through the specimen current
chamber pressures of less than $Torr. Wide band gap meter. Thep-n junction was not observed in images ob-
materials cannot be imaged at accelerating voltages greatgiined using the GSED when both sides of the device were
than a few kV without a grounded conductive coating due tceither open circuit or connected to ground. The junction can,
localized specimen charging that causes: severe image disewever, be imaged using the GSED by making eithenthe
tortion, image drift, dielectric breakdown, flashover and de-or p-side open circuit. Figures 2 and 3 show images of the
flection of the primary electron beafmin the ESEM, the
need for a conductive coating is eliminated by charge neu-
tralization at the specimen surface by positive ions produced
by ionization of gas molecules in the ESEM chamber by
secondary, backscattered, and primary electfoBss ion-
ization by SEs is utilized by the GSED for SE imaging in the
ESEM. The GSED electron collector consists of a metallic
ring held at a positive potentia¥/; , placed above the speci-
men. SEs emitted from the sample surface are accelerated to

the detector ring, causing a gas ionization cascade that acts
FIG. 1. Mixed GSED/EBIC image of a cross-sectionBd PN silicon
power diode (Eyean=20keV, P=1.9Torr, horizontal field width

dCorresponding author; electronic mail: matthew.phillips@uts.edu.au =289 um).
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(b)

FIG. 2. GSED images of the diode obtained with fheide open circuitand G- 4. Absorbed current images of the diode obtained wittptbigle open

then side connected to ground. During image acquisition, the electron bearfil'cUit and then side connected to ground. During image acquisition, the
was scanneda) from thep to then side and(b) from then to the p side electron beam was scann@) from thep to then side andb) from then to

(Epean=20 keV, P=1.9 Torr, horizontal field widtk 289 wm). the p side (Epeani= 20 keV, P=1.9 Torr, horizontal field widtk289 um).

junction obtained with th@- andn-side open circuit, respec- attributed to electronic effects that cause dopant sensitive
tively. GSED images of the depletion region consist of darkchanges in the SE yield. Increases in the SE yielg-bfpe

and bright bands running parallel to the junction. As seen inegions and decreasesrirtype regions have been explained
Figs. 2 and 3, locations of the dark and bright bands withby band bending due to surface state pinning of the Fermi
respect to ther- and p-sides of the junction depend on the |evel? If the junction contrast observed in the GSED images
wiring configuration(p- or n-side open circujtand the scan in Figs. 2 and 3 was related to changes in SE emission, an
direction(beam scanned fromto n or from thento psidg.  increase ird andVg should enhance the GSED signal due to
The junction contrast in GSED images is most pronouncegn increase in gas ionization cascade amplification. The con-
whenP andd are minimized and the scan speed is maxi-trast should maximize at the chamber pressure corresponding
mized. The presence of depletion layer contrast in GSERQp the maximum of the gas gain cur¥ept whenP andd are
images is independent of the magnitudevef (0 V, 30-550  minimized. The observed contrast behavior therefore cannot
V). The contrast is not present under any image acquisitioBe explained by current models of contrast formation in
conditions when the electron beam is scanned parallel to thgsep image§.

junction. _ _ _ Absorbed current images obtained with thiside open

Contrast in low voltage SE images of flat semiconductorgjrcuit and then-side connected to ground through the am-
samples that exhibit no atomic number contrast has beegeter are shown in Fig. 4. Images obtained with hrside
open circuit are shown in Fig. 5. Figure&ytand Sa) were
obtained by scanning the electron beam fromgiite then
side of the junction. The scan direction was reversed to ob-
tain the images in Figs.(8) and 8b). As in the GSED im-
ages, the junction consists of a pair of bands running parallel
to the junction in each image. The location of the dark and
bright bands with respect to theandp side of the junction
depend on the diode wiring configuration and the scan direc-
tion.

We attribute the junction contrast to an induced current
component in GSED images caused by charging and dis-
charging of the open circuit side of the diode during image
acquisition. When a scanning electron beam impinges on the
depletion region, the junction contact potential charge-
separates electron-hole pairs excited by primary electrons.
Electrons and holes are injected into theand p sides, re-
spectively. When the beam is scanned from ph® then
(b) side, thep side is open circuit and the side is grounded,

electrons are injected into the-side flow to earth. The

FIG. 3_. GSED images of the diode (_)btayned with th_saq_e open circuit and charge flow produces the bright band on ﬂneide of the
thep side connected to ground. During image acquisition, the electron beam

was scanneda) from the p to then side and(b) from then to the p side J_UUCtion _in the absprbed current image_ _in Figa)4 HOle_S
(Epean=20 keV, P=1.9 Torr, horizontal field widtk289 um). injected into thep side cause a net positive charge buildup

(a)
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positive charging and discharging of tpeside of the diode.
When then side is open circuit and the side is grounded
through the ammeter, the band contrast in GSED. 3) and
absorbed currenfFig. 5 images is reversed with respect to
the case described aboyeside open circujtdue to nega-
tive charging and discharging of theside of the device as
the beam is scanned across the junction. Detail in the con-
trast on thep side of the junction in all GSED and absorbed
current images of the depletion layer is caused by the pres-
ence of aP™ P junction in the power diode.

The proposed induced contrast model can now be used
to explain the behavior of the depletion layer contrast as a
function of imaging conditions. A decrease fhor d en-
hances the junction contrast due to a corresponding increase
in the magnitude of the electric field produced at the GSED
collector ring by charging of the open circuit side of the

(b) device. The magnitude of the current induced in the GSED

FIG. 5. Absorbed current images of the diode obtained witmthle open C_O"e_Ctor rng ma_)(lm|zes when the rate 9f changg of the .OS'
circuit and thep side connected to ground. During image acquisition, the Cillating electric field produced by charging and discharging
electron beam was scanngl from thep to then side andb) from then to of the open circuit side of the device is maximized. The
the p side (Epeani= 20 keV, P=1.9 Torr, horizontal field width289 um). contrast is therefore most pronounced at high scan rates and
it is not present in images obtained by scanning the electron

and forward bias the device. The resulting electric field in-P&am parallel to the junction.

duces electron flow from the GSED preamplifier to the col- N conclusion, this letter presents a method for imaging
lector ring, producing the dark band on theside of the of depletion layers using a GSED in an ES.EM_. C.oupltj:‘d with
junction in the GSED image shown in Figi@ A “bright” the ESEM hot stag_e, the technique will alldnvsitu imaging .
signal in GSED images corresponds to flow of electronf dépletlon layers in UnC_Oated_ samples, such as metal-oxide-
from the collector ring to the GSED preamplifier. As the semiconductofMOS) devices, in the controlled gaseous en-
beam continues to scan across the junctimnthe n side vironment of an ESEM chamber at elevated specimen tem-
electrons are injected into theside and neutralize the posi- Peratures. The junction contrast was interpreted using a
tive charge through electron-hole recombination. The resultPréviously unreported induced current signal component in
ing dissipation of positive charge induces a flow of electron>SED Images.
from the GSED collector ring to the GSED preamplifier, | . o : .
producing the bright band on theside of the junction in the E Iz HoitésngM glllllirocharacterlzatlon of Semiconductdiscademic,
. . . . . ondon, . p. .

GSED image in Fig. @). To maintain charge neutrality, the 2s. M. Davidson,SEM Microcharacterization of Semiconducto@ca-
flow of electrons to the side is compensated by a flow of _demic, London, 1989 p. 153, _ _
electrons to the sample through the groundeside of the 45' :SRpa; ;rl‘g\l\//l '\lf\; 'é'ast‘;*ﬂ'”;0E’O'\\I"V:zroéc'u':’\'/'girga?mffgs.é12:2'J o w
FJevice, producing the dgrk banq on.meide of the junction ¢y, Ultramicroscopps, 104(1995. e S
in the absorbed current image in Figbs 5D. C. Houghton, Appl. Phys. Let69, 1593(1996.

When the beam is scanned from th&® thep side of the jG. D. Danilatos, Mikrochimica Actd14/115 143 (1994).
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