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ABSTRACT

This report covers the work on InP materials carried out with support of

the Department of the Air Force during the period I October 1981 through 30

September 1982. A part of this support was provided by the Rome Air

Development Center. The current objectives of the program are to improve the

yield of high-purity polycrystalline InP as source material for crystal growth

and to optimize the liquid-encapsulated Czochralski (LEC) method in order to

grow crystals with low dislocation density, low residual impurity

concentration and uniform dopant concentration.

We have synthesized 30 ingots of InP with carrier mobilities at 77 K as

high as 8.2 x 104 cm2V-ls-l. By using growth charges prepared by adding

elemental In to the synthesized InP, we have pulled nominally undoped LEC

boules with mobilities at 77 K as high as 5.8 x 104 cm2V-ls-l.

We have grown 35-mm-diameter LEC crystals with much reduced dislocation

density, without Zn or S doping, by further increasing the thickness of the

B203 encapsulant layer to about 30 mm. Although this procedure significantly

reduces the temperature gradients at the seed-melt interface, we have been

able to obtain reproducible twin-free growth in the lower gradients by

modifying the pulling rod pressure seal to reduce system vibration.

The prominent growth striations identified last year have been shown to

persist even when the crucible containing the melt is immersed in liquid Ga to

provide a more nearly isothermal melt environment.

Measurements of infrared transmission have been made on p-type InP

samples to determine the free-carrier absorption due to holes. The absorption

spectrum is found to be very similar to that reported for p-type GaP.
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INTRODUCTION

The goals of the InP materials program at Lincoln Laboratory are the

development of reliable techniques for preparing high-quality InP single

crystals of controlled electrical properties and the utilization of these

techniques to produce crystals needed for research on optoelectronic devices

such as GaInAsP/InP diode lasers and detectors.

Our program consists of two components: synthesis of InP from the

elements and crystal growth by the liquid-encapsulated Czochralski (LEC)

method. Synthesis, which is accomplished by directional solidification of

In-rich solutions under controlled P pressure, is carried out in order to

assure an adequate supply of polycrystalline charge material with the purity

desired for LEC growth, since such material is not consistently available from

commercial sources. In the area of LEC growth, by further reducing the

temperature gradients in the vicinity of the seed-melt interface we have grown

35-mm-diam boules with significantly lower dislocation density. We have found

that nominally undoped LEC crystals pulled from melts intentionally enriched

with In exhibit electron concentrations of about 1015 cm-3 and 77 K mobilities

approaching 6 x 104 cm2 -1s-1. We have continued to use x-ray topography and

C02 laser transmission measurements to study the convection-induced growth

striations in doped LEC crystals that are associated with abrupt changes in

dopant concentration. These striations persist even when the crucible

containing the melt is immersed in liquid Ga to provide a more nearly

isothermal environment.
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SYNTHESIS

Synthesis of InP from the elements is carried out in fused silica

. ampoules, as described in the report for FY 81. During FY82,.30 ingots of

polycrystalline InP each weighing about 900 g were synthesized. In order to

. characterize the polycrystalline material, Hall coefficient (RH) and

resistivity (P) measurements at 300 and 77 K were made when the grain size was

large enough to permit rectangular single-crystal bars about 10 x 2 x 1 mm
3 to

be cut out. All such samples were n-type. The electron concentration at

300 K (n300) was calculated from the expression n - -1/eRH (i.e., the Hall

factor was assumed to be 1), and the Hall mobility at 77 K (P77) was

calculated from p = RH/P.

Seven bars for electrical characterization were cut from ingot 5 along

its length at the positions indicated on the scale drawing shown in Fig. 1.

The measured values of n300 increase monotonically from 1.1 x 1015 cm-3 near

the first-to-freeze end at the left of the diagram to 2.0 x 1015 cm-3 near the

last-to-freeze end, while ,77 decreases from 8.2 x 104 to 5.4 x 104 cm2V-ls-l.

For three samples from a second ingot and two from a third, which were cut out

at the positions shown in Fig. 1, the data indicate a similar variation in

n300 and P77 with distance. The simultaneous increase in carrier

concentration and decrease in mobility show that the shallow donor

concentration systematically increases along the length of the ingots.

For 18 of the ingots synthesized in FY 82, electrical measurements were

made on a sample cut from the region of each ingot between 1 and 3 inches from

the first-to-freeze end, where the grain size was generally largest. Table 1

lists in chronological order the values of n300, which range from 5.0 x 1014

2
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INGO 206-NM 1.3-
0.50 1.

C== 6.0

INGOT 2

.2 1.4 1.5 18 2.0 2.0

'82 7.4 6.9 6.4 6.2 5.7 5.4

85.2

INGOT 3

~INGOT 5

I I I I I
0 5 10 15 20 cm

Fig. 1 Locations of samples cut for electrical characterization from
three polycrystalline InP ingots. The values shown above and
below each sample are the electron concentration at 300 K (in
units of 1015 cm-3) and Hall mobility at 77 K (in units of 104

cm2V-Is-1), respectively.
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to 1.6 x 1011 cm- 3, and the values Of P77, which range from 3.1 x 103 to 8.2 x

104 cm2V-ls- 1. Ten of the 18 values of P177 exceed 5.0 x 10
4 cm2V-ls-1 . The

high values of n300 and low values of P77 measured for some of the ingots are

discussed below.

Figure 2 shows in histogram form the distribution of the P77 values

measured for first-to-freeze samples from the ingots prepared in FY82 and also

for such samples from the FY80 and FY 81 ingots. These U77 values are plotted

vs the corresponding values of n77 in Fig. 3. The solid curves were

calculated theoretically by Walukiewicz et al. 1 for values of the compensation

ratio (ratio of ionized acceptor concentration NA to ionized donor

concentration ND) of 0, 0.2 and 0.4. Only one measured value of P77 lies more

than 10% above the theoretical curve for no compensation. According to the

curves, the compensation ratio is less than 0.4 for all but 4 of the 44

samples. Of the 23 samples with 077 > 5 x 104 cm2V-1s-1 , only 3 are

compensated more than 20%, whereas 13 of the 21 remaining samples are

compensated more than 20%. This difference may be partially due to our taking

the Hall factor r equal to 1 in determining n77 and P77. As reported below,

we have found that r is actually about 1.14 for n - 1015 cm-3, and it is well

known that r = 1 for degenerate material.

In 1981 Kubota and Sugi12 reported the synthesis of polycrystalline InP

with P77 = 7.91 x 104 cm2V-ls-1 from an In charge that had been vacuum baked

at 9000C for 6 h. In FY82, we have therefore baked most of the In charges for

our synthesis runs in a high-temperature system evacuated with a vac-ion pump

to a pressure of about 10-6 Torr. For the 18 measured ingots, Table 1 lists

the temperature and time of each In bake, the sources and lot numbers of the

6
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Fig. 3 Hall mobility vs electron concentration at 77 K for
714 polycrystalline InP ingots. The solid curves were calculated for
- the indicated values of the compensation ratio.
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In and P used as starting materials, the maximum temperature in the vicinity

of the In boat, and the P reservoir temperature during the synthesis run. The

highest mobilities measured in FY82 were exhibited by ingots 4 and 5, for

which the In was vacuum baked. However, the results for ingots 7 and 8, which

were made with In and P from the same lots, show that vacuum baking did not

always improve the quality of the polycrystalline InP. The carrier

concentration is slightly higher and the mobility lower for ingot 7, although

K the In for this ingot was baked while that for ingot 8 was not. It appears

that some impurities which are electrically active in InP are inhomogeneously

distributed within a particular lot of In or P or that some uncontrolled

r. aspects of the synthesis technique can mask the effect of vacuum baking the In

charge.

Examination of the data in Table 1 reveals a striking difference in

electrical properties between the first 13 ingots (ingots 1 through 20) and

the last 5. In the first group, n30 0 exceeds 2 x 1015 cm- 3 for only 2 ingots;

in the second group, n3 0 is less than 2 x 1015 cm- 3 for only one ingot (the

last) and ranges from 6.4 x 1015 to 1.6 x 1017 cm- 3 for the rest. In the

first group, 10 ingots have values of U77 ranging from 5.1 to 8.2 x 104

cm2V-ls -l, and the lowest value is 3.8 x 104 cm2V-1s-1. In the second group,

the highest value of ,77 is only 4.1 x 104 cm2V-ls-1 (for the last ingot), and

the other values range from 2.8 x I04 down to 3.7 x 103 cm2V-ls-1. These

results show that the donor concentrations are much higher in the second group

(except for the last ingot) than in the first. We believe that this

difference is probably due to the presence of relatively high concentrations

of impurities in the starting materials used for the second group. Note that

9



In from MCP lot HR/134 was used for all the ingots in this group and that P

from RASA Industries was used for two of these ingots (including the one with

by far the highest electron concentration), but neither of these materials was

used for any of the ingots in the first group.

In an attempt to identify impurities in the starting materials that have

a major effect on the electrical properties of the polycrystalline InP ingots,

we used spark-source mass spectrography (SSMS) to analyze 7 samples of In from

MCP lots HR/68, HRR/4 and HRR/5, which provided the In charges used for 9 of

the first 13 InP ingots listed in Table 1. (Analysis of elemental P by SSMS

is impractical.) Two of the samples from HRR/5 were vacuum baked before

analysis. Because In adheres to the fused-silica boats in which it is baked,

these samples were obtained by using special boats with the design shown

schematically in Fig. 4. Each boat ended in a small-diameter, closed-end tube

that was filled with molten In during the baking procedure because the vacuum

furnace was tilted about 200 from the horizontal. After the system was cooled

to room temperature the small tube was broken off, and the In sample to be

analyzed was obtained by etching off the fused silica with HF. The boat was

then sealed into the synthesis ampoule. During synthesis, surface tension

prevented the loss of molten In through the small hole formed where the sample

tube was broken off.

The results of the SSMS analyses are listed in Table 2, where the

concentrations of the impurity elements detected in the In samples are given

in parts per million atomic (ppma). For an element with a distribution

coefficient of 1 in InP, a concentration of 1 ppma in In would yield a
c, concentration of 2 x 1016 cn- 3 in the synthesized InP. In general, the

II
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reported concentrations should agree to within a factor of 3 with the true

values; for a given element, the relative concentrations measured for the

different samples should be much more accurate.

We have compared the results in Table 2 with those in Table 1 in order to

investigate whether the concentrations found in the In samples of elements

known to be shallow donor impurities in InP are correlated with the donor

concentrations indicated by the electrical properties of the InP ingots. The

only shallow donor impurities detected are Sn, S, and Si. Direct comparison

can be made between the analytical results and the electrical data for 4

ingots: 1 (made from as-received HR/68);8 (made from as-received HRR/4); 19

and 20 (made from the two vacuumi-baked samples of )iRR/5). On the basis of

these limited comparisons, no correlation is apparent between the donor

concentrations in the in samples and the InP ingots.

Silicon has been suspected to be the predominant donor impurity in

nominally undoped InP. It is therefore of particular interest that ingot 8

has quite a low donor concentration (as shown by the rather low value of n300

and the high value Of P577), although it was made from as-received HRR/4, all

three samples of which had Si concentrations of 10 or 11 ppma, by far the

highest measured. In fact, ingot 8 is comparable in donor concentration to

ingots 19 and 20, which were made from vacuum-baked charges of HRR/5 that

analysis showed to contain only 0.05 and 0.03 ppma Si, respectively, by far

the lowest Si concentrations measured. Compared to the as-received sample of

HRR/5, the two vacuum-baked samples had concentrations of Si and Cu about an

order of magnitude lower, as well as significantly lower concentrations of K,

Ca, Al and Mg, but their concentrations of 81 and Ni were an order of

14
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magnitude higher and the concentrations of Pb, S, F, and C were significantly

Uhigher.

Although all 3 as-received samples of HRR/4 were found to contain about

Sthe same concentration of Si, many of the other impurities varied widely in

concentration from sample to sample. For example, the concentrations of B, C,

N, 0, S, and Fe differed by at least an order of magnitude. Although for some

elements the variation may have been due in part to differences in sample

handling, it appears that many impurities were distributed inhomogeneously in

the as-received In. If this is generally the case, the use of chemical

analysis to select In charge material would not be very effective in

increasing the purity of the polycrystalline InP produced.

LEC GROWTH

1. Growth in reduced temperature gradients

- During FY82 we have continued our investigation of the growth of InP

crystals by the LEC method, with the objective of obtaining improved substrate

material for epitaxial growth and device fabrication. In order to reduce the

defect density, the LEC growth conditions were changed in several significant

ways. Figure 5 is a scale drawing of the crystal growth assembly used for a

large part of FY82. This assembly has been modified by increasing the height

of the PBN crucible from 38 to 53 mm, which permits the use of thicker B203

encapsulant layers, and incorporating a Mo radiation shield that rests on a
4

silica ring at the top of the RF susceptor. The Mo shield is a flat disc,

with a central hole 60 mm in diameter, that completely covers the top edge of

the 68-mm-diameter crucible as well as the top of the susceptor. In addition,

15
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Fig. 5 Assembly for LEC growth of !nP.
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instead of soldering a relatively short InP seed to a Ni holder we now tie a

longer seed with Mo wire to a PBN holder. (The crystals were grown in the

(111) direction, with the (111)B face of the seed facing the melt.) All of

these changes were made in an attempt to decrease the concentration of

dislocations (which are generated due to thermally induced hoop stresses) by

reducing the temperature gradients in the growing crystal. The upper Mo

radiation shield enclosure reduces the heat losses from the top of the

crucible due to radiation and to convection in the high-pressure Ar ambient.

The heat losses from the crystal are therefore smaller both because the

crucible walls are hotter and because the solid angle for radiation through

the top is smaller.

The yield of twin-free, single-crystal boules under the modified

conditions is surprisingly high, even when the thickness of the B203

encapsulant layer exceeds 25 mm and there is nearly total runoff of the B203

from the boule. We believe that this high yield, which was achieved in spite

of using much lower temperature gradients at the crystal-melt interface, has

been possible because we have further reduced vibration at the interface by

replacing the spur gear drive on the crucible support shaft with a belt-driven

crucible rotation mechanism.

Eight of 13 recent LEC growth runs with encapsulant layers thicker than

25 mm yielded entirely untwinned single crystal boules weighing about 250 g

each, while 3 boules contained twins only near the lower end. The encapsulant

layer thickness was measured at the center of the crucible after all of the

InP charge had been pulled from the crucible. The boules were doped with

either Fe, Sn, Cd, or S.

17
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Three of the 13 boules were grown with encapsulant layers 31 - thick.

• -One of these boules (doped with Fe) was entirely untwinned, and the others

(doped with Sn and Cd, respectively) were nearly so. All three have

relatively low dislocation densities, Figure 6 shows an optical micrograph of

the (111)B surface of a 35-mam-diameter wafer that was cut close to the bottom

of the Fe-doped boule and etched with Huber solution3 to produce dislocation

etch pits. Figure 6 also shows a micrograph of a similarly etched wafer, only

24 mm in diameter, that was cut from the center of an earlier boule grown in a

higher temperature gradient. The earlier wafer has a high density of etch

pits that appear to be rather uniformly distributed; in typical regions we

have measured values of 3-4 x 104 cm-2 , although the highest values are in the

range of 1-2 x 105 cm-2 . The average etch pit density is much lower for the

wafer from the boule grown with the thick Pncapsulant layer. The central

region of this wafer is nearly free of dislocations, and most of the wafer has

dislocation densities less than 103 cm-2. The highest densities, which occur

in three regions near the periphery, are about 8 x 104 cm- 2 . Substrates for

epitaxial layers and for direct ion implantation taken from the

low-dislocation regions of such wafers should prove useful in studies of the

effects of dislocations on device performance.

We have investigated the possibility of using double-crystal x-ray

diffraction to evaluate the crystalline perfection of InP, since Matsui,

Watanabe and Sek1 4 have reported that the width of rocking curves obtained by

this technique exhibits a strong dependence on dislocation density. For

diffraction from (400) planes, we have measured widths of about 10" (compared

to the theoretical limit of 9.5" for perfect InP crystals) even for samples

18
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with etch pit densities greater than 105 cm-2. We have observed broader

rocking curves only when surface damage was not entirely removed by etching.

Therefore double-crystal diffraction is not a suitable technique for measuring

the defect density in InP crystals. Etch pit studies and x-ray topography are

currently the most reliable means for defect characterization.

2. Growth from In-rich melts

Our nominally undoped LEC boules have always exhibited higher values of

n300 and lower values of P77 than the starting polycrystalline charges, which

are solidified from In-rich melts. In an attempt to reduce the impurity

concentration in such boules, we have investigated LEC growth from charges

prepared by adding elemental In to polycrystalline ingot material. The boules

grown from these charges exhibit a marked decrease in n300 and increase in P77

due to a reduction in donor concentration. In order to avoid constitutional

supercooling during the growth of these boules, the temperature gradient in

the melt was increased by removing the upper Mo radiation shield, using a

thinner encapsulant layer, and Increasing the ambient Ar pressure from 450 to

650 psi. The boules grown from In-rich charges, which we call "non-standard"

boules, weigh from 100 to 200 g while the "standard" ones grown from charges

without added In weigh from 250 to 300 g. The non-standard boules usually

consist of 4 to 10 large grains, although we believe that a high yield of

single-crystal boules could be grown from In-rich melts by optimizing the

growth conditions, particularly the temperature gradient at the crystal-melt

Interface.

In the first experiments using In-rich melts, 3 boules were grown from

charges in which the atom fraction of In (x in InxPl.x) was nominally 0.56.

20
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Two other boules were grown from charges with x = 0.59 and 0.52. The nominal

values of x are calculated by taking the polycrystalline ingot material to be

stoichiometric, with x = 0.5, although the ingots contain a small amount of

metallic In occluded at grain boundaries. Table 3 lists the values ot n3o,

n77, and P77 found by resistivity and low-field Hall coefficient measurements

on single-crystal samples cut from the first-to-freeze portions of these 5

non-standard boules, together with the corresponding values for the 2 standard

boules grown just before them. (Values of the room-temperature mobility have

not been tabulated, since these values are essentially the same for all the

samples.) For the first 3 non-standard boules, n300 and n77 are considerably

lower and 177 considerably higher than the values for the standard boules.

Even the lowest 077 for these non-standard boules, 4.2 x 104 cm2V-ls- 1 , is

equal to the highest value obtained for any of the more than 40 standard

boules we have grown to date. The highest P77, 5.7 x 104 cm2V-ls-l,

significantly exceeds the value of 4.7 x 104 cm2V-ls-l measured for the test

sample cut from the polycrystalline ingot used to provide starting material.

The fourth and fifth non-standard boules did not exhibit mobilities higher

than those for the standard boules, probably because of inadvertent impurity

contamination.

To make a more detailed study of the effect of melt composition, three

successive growth runs were made using charge material from polycrystalline

ingot 16, with In being added to the charges for the first and third runs.

For the test sample cut near the first-to-freeze end of the ingot, n300 was

7.6 x 1014 cm-3 and P77 was 6.4 x 104 cm2V-ls-l. In view of the usual

increase in n77 and decrease in U77 with increasing distance from the

21
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TABLE 3

Electrical Properties of InP Boules

LEC boule Melt compositionnn -7
(atom fraction In) OR~-) (101577 m-3) (104 C 2!1s-l)

442 0.5 4.9 3.8 3.1

449 .5 4.5 3.9 3.5

452 .56 2.7 2.0 5.7

454 .56 2.5 2.3 4.2

455 .56 2.9 2.5 4.6

457 .59 6.1 4.7 3.0

461 .52 3.8 3.1 3.1

22



first-to-freeze end, the ingot was cut into three side-by-side longitudinal

sections, and one section was used for each LEC run. After completion of each

run, samples for electrical measurements were cut near the top, middle and

bottom of the boule. For the two non-standard boules, the melt composition

corresponding to each sample location was calculated from the weights of the

polycrystalline charge material, the In added to the charge, and the portion

q .of the boule that had solidified, taking both the polycrystalline material and

the grown boule to be stoichiometric.

The results for the three additional boules, which are given in Table 4,

confirm the dependence of electrical properties on melt composition found for

the first three runs from the In-rich melts. All the values of n300 and

fn77 are much lower and all the values of U77 much higher for the non-standard

boules than for the standard boule. Furthermore, the carrier conc.i*tratio.s

decrease and the mobility inLreases from the top to the bottom or the

non-standard boules (except that n77 is slightly lower for the middle sample

of boule 470 than for the top sample). This variation can be attributed to

the increase in the In content of the melt as the boule solidifies, since the

opposite variation in carrier concentration and mobility is exhibited by the

standard boule and by all other standard boules for which we have data. The

variation along a standard boule occurs because impurities with distribution

coefficients of less than unity segregate toward the bottom of the boule.

After the series of LEC runs just described, 4 more non-standard boules

were grown. Electrical data for these boules are shown in Table 5. For 3 of

the 4, the values of U77 are greater than those for any of the standard

boul es.

23



TABLE 4

Electrical properties of InP boules grown from same charge material

Boule Sample Melt composition n3OO n77  v77
(atom fraction In) (l1O cm- 3 ) (1015 cm-3 ) (104 cm2V-ls-1)

470 T 0.58 2.5 2.2 4.9

M .62 2.5 2.1 4.8

B .65 2.0 1.7 5.6

471 T .5 4.9 4.0 3.2

M .5 5.4 4.1 2.8

B .5 6.1 4.8 2.7

472 T .61 2.4 1.9 4.1

M .65 1.7 1.5 5.1

B .67 1.6 1.3 5.5

4
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TABLE 5

Electrical properties of InP boules

Boule Sampl e Melt composition n3OO nl77 7
(atom fraction In) (1015 n 3  11 m 3  (104 cm2u-s77

474 T .60 2.5 1.9 4.8

B 1.7 1.4 5.8

477 1 .53 4.7 3.7 3.6

B 6.9 4.6 3.1

480 T .56 3.2 2.7 4.3

B 2.4 2.1 5.0

494 T .58 4.3 3.0 4.4

B 3.8 2.7 4.3
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In summary, of the 11 boules grown from In-rich solutions, 8 have

exhibited mobilities superior to the best of the standard boules, and 2 of the

other 3 were grown from charges with x of only 0.52 or 0.53. The maximum

value of P77 measured to date for a non-standard boule is 5.8 x 104 cm2

V-ls-1, compared to the maximum reported value of 5.3 x 104 cm2V-1s-1 for any

F! LEC InP crystal. 5

Over the past several years, we have observed a general increase in n3 0

(and n77) and an accompanying decrease in 1177 for the nominally undoped

standard boules. For example, boules 343 and 348 grown in FY81 each exhibit

electron concentrations of 2.9 x 1015 cr 3 and mobilities of 4.1 and 4.2 x 104

cm2V-ls- 1, respectively, whereas boules 442 and 449 grown in FY82 exhibit

electron concentrations of 4.9 and 4.5 x 1015 cm-3 , respectively, and

mobilities of 3.1 and 3.5 x 104 cm2V- 10, respectively. This apparent trend

may be due at least in part to the fact that the more recent polycrystalline

starting charges contain a smaller amount of occluded elemental In than those

synthesized earlier.

In attempting to find an explanation for the difference in electrical

K- properties between the non-standard and standard LEC boules, we have

investigated the possibility that the values of RH measured at low fields for

the non-standard boules are anomalously high (i.e., RH > 1/ne) because these

boules contain metallic In inclusions incorporated during their growth from

K the In-rich melts. For GaAs, it has been found that Ga inclusions can result

in such anomalous RH values, in which case the magnetic field dependence of RH

is also anomalous.6 We have therefore measured RH at room temperature as a

function of field for samples from both non-standard and standard boules. The
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results for one sample of each type are shown in Fig. 7, where the ratio of RH

at each field to RH at 15 T is plotted against field. Results are also shown

for the sample from ingot 5 listed in Table 1 (t'77 - 8.2 x 104 cm2 V-10) and

for a sample supplied by RADC, which probably contains In inclusions.

The three upper curves in Fig. 7, which are almost identical, have the

form characteristic of a homogeneous semiconductor, while the RADC sample has

the form reported6 for a semiconductor with metallic inclusions. We conclude

that the improvement in the electrical properties of the non-standard boules

is not due to measurement anomalies resulting from the presence of In

inclusions. Consistent with this conclusion, in using an infrared microscope

V° with a resolution of several micrometers to examine samples from these boules

we have failed to find any opaque areas. (We also conclude that the

electrical measurements on samples from our InP ingots are not significantly

affected by In inclusions.)

Measurements of infrared transmission at 11.9 Pm for 3 samples from

non-standard boules and 6 samples from standard boules also indicate that the

low-field Hall measurements provide a good measure of the free carrier

concentration for the non-standard boules. Since the absorption coefficient a

at this wavelength varies from about 0.1 to 1 cm-1 for InP with electron

K: concentrations in the 1015 to 1016 cm-3 range, samples of the order of 1 cm

thick are necessary for accurate absorption measurements. Because InP has a

high refractive index, if a focused light beam were used the location of the
focal point would be changed by the introduction of such thick samples into

the optical path. To avoid errors due to this effect, the measurements were

made with nearly parallel light from an off-axis parabolic mirror that was
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passed through an interference filter (bandpass of 0.27om centered at 11.9 Pm)

and then through the sample, after which the transmitted radiation was

detected by a pyroelectric element (active area of 2 nm2) placed directly

behind the sample. The absorption coefficient was calculated from the

expression I/10 = [(1-R)2 exp (-ax)] / [1-R 2 exp (-2mx)], where I is the

intensity transmitted through the sample, 10 is the intensity without the

sample in the beam, x is the sample thickness and R is the reflectivity, taken

as 0.256 at 11.9 um.
7

F" In Fig. 8 the values of a deduced from the transmission data are plotted

vs n300. The dashed curve shown in the figure is the theoretical curve for

11.9 um obtained by using the wavelength dependence given by Walukiewicz et

al. 1 to adjust the values of a calculated by those authors for 10 urm. The

agreement between experiment and theory is remarkably good. Furthermore, the

cross section for free-carrier absorption, a/n300, is the same within

experimental error for the 3 samples from non-standard boules as for the 6

samples from standard boules. If the values of RH measured for the

non-standard samples were anomalously high because of the presence of In

inclusions, the resulting reduction in n300 would make the measured values of

a/n300 higher than the true values. In addition, any infrared absorption or

scattering by the opaque In Inclusions would also increase a/n300, since it

would reduce the transmission and consequently increase a. The observed

agreement between the cross section values for the non-standard and standard

samples thus confirms the absence of measurements anomalies due to In

inclusions. (Note that the lowest value of n300 in Fig. 8 was obtained for a

standard sample, which was cut from boule 400.) This boule was found by SSMS

2
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to contain a sufficient concentration of the shallow acceptor Zn to account

for the reduction in n300, which was accompanied by a reduction in P77 to

::: 1.2 x 104 cra2y-I-1.)

The reduction in carrier concentration and increase in mobility for the

non-standard boules can therefore be attributed to a change in the

concentration of electrically active centers -- in particular, to a reduction

in the concentration of shallow donors. (The degree of acceptor compensation

is so low in both standard and non-standard boules that the change in acceptor

concentration, if any, cannot be determined from the electrical data.) The

identity of the donor or donors associated with the change in electrical

rproperties has not been established. One possibility is the native antisite

defect consisting of a P atom located on an In site, whose concentration will

be reduced by growth from an In-rich melt. The other principal possibility is

an impurity, such as Si, that is a donor when located on an In site.

An SSMS investigation was undertaken in an attempt to identify the donor

(and perhaps acceptor) impurities that have a major effect on the electrical

properties of the nominally undoped boules. Table 6 shows the SSMS results,

together with the values of n300 and P77, for 12 samples taken from 7 boules,

which are listed in chronological order. The concentrations of the impurities

detected are reported in parts per million atomic relative to In; I ppma is

equivalent to 2 x 1016 cm-3 In InP.

The first sample listed in Table 6, which was taken from boule 400, was

found to contain Zn at a concentration of 1 x 1016 cm-3 . As noted above in

discussing the infrared absorption measurements on another sample from this

boule, this concentration of Zn accounts for the low values obtained for both
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n300 and 077. The shallow donor impurity or impurities responsible for making

the boule n-type were not detected by SSMS. However, S could have been

present at a higher concentration than Zn without being detected, since the

detection limit was significantly higher for S than for the other elements.

The next 5 samples listed in Table 6 were taken from boules 429 and 430,

both of which were grown from nominally stoichiometric melts in fused silica

crucibles. For all these samples the values of n300 are higher than those for

boules grown from melts in PBN crucibles. It is probable that Si is the donor

impurity responsible for the increase in carrier concentration. This is

almost certainly the case for samples 429B1 and 42962, for which n3 00 is 1.8 x

1017 cm- 3 . Although the measured Si concentrations are much higher for these

two samples than for any of the others analyzed, their measured concentrations

are much less than 1.8 x 1017 cm- 3. The ratios of Si concentration to n3 0 0

are 0.22 and 0.067, respectively. These ratios not only indicate that in the

SSMS analysis of InP the sensitivity is much lower for Si than for In; more

important, the large difference between them shows that even the relative

values of Si concentration are unreliable. The data for the other samples are

consistent with these conclusions. Thus SSMS does not appear to be a

satisfactory technique for determining Si in InP.

The remaining samples listed in Table 6 were taken from two standard

boules (436 and 442) and from two non-standard boules (470 and 472), all grown

from melts in PBN crucibles. No correlation between . eir measured impurity

concentrations and electrical properties is apparent. For example, although

sample 470B has the highest value of -77, with a few exceptions its measured

impurity concentrations are higher than those of the other non-standard

3
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samples. Overall, these and the other results listed in Table 6 indicate that

SSMS analysis is not a useful method for characterizing our nominally

undoped LEC boules.

3. Growth Striations

As discussed in our FY81 report, we have shown by x-ray topography and

scanning CO2 laser transmission measurements that our intentionally doped LEC

boules exhibit prominent growth striations associated with large variations in

the doping concentration. Since these striations are very probably due to

random convection currents caused by large temperature gradients in the melt,

in order to minimize the striations we have made an attempt to establish

growth conditions that would reduce these gradients. With this aim, in one
L

growth run the graphite susceptor was replaced by a liquid Ga susceptor, and

the PBN crucible containing the InP melt was immersed directly in the liquid

metal. The Ga was held in a silica container fitted with integral silica tabs

to keep the buoyant PBN crucible centered and immersed. To prevent rapid

evaporation of the Ga, it was encapsulated with a thin layer of B20 3 . The

nominally stoichiometric InP melt, which was doped with Sn, was encapsulated

with a layer of B203 -25 mm deep. By using the standard growth procedure we

obtained a boule weighing 285 g that was largely untwlnned. An x-ray

transmission topograph of a (110) longitudinal sample from this boule is shown

in Fig. 9. Random growth striations are still clearly visible. The variation

in carrier concentration across the striations is indicated in Fig. 10, which

is a recorder trace showing the intensity of transmitted C02 laser radiation

versus distance along a vertical (111) direction for another (110)

longitudinal slice. The values of n300 determined from the transmission data
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I Fig. 9 X-ray topograph of (110) longitudinal sample from Sn-doped LEC InP
crystal.
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vary from 2.5 to 3.3 x 1018 cm- 3 for this particular scan, and it is not

unusual to find a variation of 15% over a 100 ur distance. Since the growth

striations were not dramatically changed by using the liquid Ga susceptor, and

because the B203 encapsulating the Ga broke the silica container upon

solidifying, no further experiments of this type are planned.

Another approach to the problem of the growth striations is to reduce the

effect of convection currents by stirring the melt more vigorously in order to

decrease the thickness of the boundary layer at the crystal-melt interface.

Experiments have been undertaken to study how the striations are affected by

increasing the rates of seed and crucible rotation.

FREE-CARRIER ABSORPTION IN p-TYPE InP

Since no data had been published on the free-carrier absorption of p-type

InP, in FY81 we began a series of measurements to determine the optical

absorption coefficient a at 10.6 um as a function of hole concentration, in

order to obtain carrier concentration profiles from scanning C02 laser

* absorption data for Zn- and Cd-doped crystals. These measurements have now

been completed. Measurements have also been made of a at 1.5 um in order to

provide data for the design of GaInAsP lasers and detectors for the 1.2 to 1.6

uPm fiber optic range, which utilize p-type InP layers. In addition, the

spectral dependence of a between 1.5 and 11 um has been measured to give an

indication of the scattering mechanisms involved in the free-carrier

absorption.

The samples used in this study were taken from LEC boules doped with Zn

or Cd to give room-temperature carrier concentrations ranging from 1.4 x 1016
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to 3.4 x 1018 cm-3. The samples were oriented so that their broad faces were

(110) planes, since chemical polishing of these non-polar planes yields very

smooth surfaces. Each sample was lapped to a thickness chosen to give

transmission values that were high enough for a good signal-to-noise ratio in

the detector circuit but were significantly lower than the reflectivity limit.

The samples were chemically-mechanically polished with a dilute

bromine-methanol solution and free etched to remove surface damage.

Transmission measurements were made at 300 K with a double-pass prism

monochromator. Radiation from an Opperman glower was chopped at 13 Hz and

detected with a 1-mm-diameter pyroelectric detector, using a standard lock-in

technique. A 1-mm aperture was placed in front of the detector, and the InP

sample was placed directly in front of the aperture. Transmission values

measured with a single-pass prism monochromator were consistently too high for

wavelengths greater than about 5 Pm. The effect was caused by radiation in

the 1 to 3 Pm region, where the intensity from the source is largest, that was

scattered through the monochromator. Since the samples are most transparent

just beyond the absorption edge at - 1 um, a large fraction of the scattered

radiation reached the detector while only a small fraction of the long

wavelength radiation (at the monochromator setting) did so. The double-pass

instrunent eliminated this problem.

Since the LEC boules were grown in a (111) direction, most samples with

(110) faces were prepared from longitudinal slices. Because of the growth

striation inhomogeneities described in the previous section, the transmission

through some of these samples was found to depend strongly on what region of

the sample was placed in front of the detector aperture. In addition,
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rotating such samples by 900 could change the transmission by as much as 30%.

The values of a were determined from data for selected samples whose

" . transmission did not vary by more than 2 or 3% with translation or rotation.

The values of a were again calculated by using the expression 1/10 =

[(1-R) 2 exp (-ax)] / [1-R2 exp (-2%x)]. At normal incidence, the reflectivity

is given by

R = (n'1) 2 + k2

(n+1) 2 + k2

where n is the refractive index and k is the extinction coefficient. Since k

can be neglected for InP over the wavelength range studied, R - (n-i) 2 /

(n+l) 2 . Values for R as a function of wavelength were calcuiated from this

expression by using the refractive index data of Pettit and Turner. 7

The hole concentration for each optical sample was calculated from the

expression p = e/RH, using the values of RH measured at 300K by the van der

Pauw method; that is, we have assuned a single-carrier model with a Hall

factor of 1. (The light hole concentration Pth and heavy hole concentration

Phh can be approximated if the averaged relaxation times for the light and

heavy holes are assumed equal, so that the mobility ratio

Phh/Uh = m*Lh/m*hh, and if Phh/Pth is taken to be (m*hh/m*th) 3 / 2 . Using the

reported8 effective mass values m*hh = 0.45 mo and m*Lh = 0.12 mo , one

obtains Pth = 0.18 e/RH and Phh = 1.3 e/RH).

Figure 11 shows log-log plots of cx vs p for X = 1.5 pm and X = 10.6 um.

The data for the shorter wavelength are consistent with a constant

cross section, a/p = 2.5 x 10-17 cm2. At X = 10.6 pm, a/p increases slightly

with increasing carrier concentration, from 2.6 x 10- 16 cm2 at p = I x 1016

cm- 3 to 4.3 x 10-16 cm2 at p = 1 x 1018 cm- 3. It should be pointed out that
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these values of a/p are considerably lower than those calculated from the data

at 10 Pr reported by Yamaguchi, et al. 9

Figure 12 is a log-log plot showing the absorption between 1.5 and

* 10.5 Pmn for 4 different carrier concentrations. In each case a increases

monotonically with X, and the data can be represented fairly well by two

straight lines, with the smaller slope at longer wavelengths. Thus the

spectra do not exhibit the pronounced structure due to intervalence-band

transitions that is observed for p-type samples of most other semiconductors

(for example, Ge,10 GaAs,11 and AMUbl), nor do they have the simple Am' power

dependence that is characteristic of intraband free-carrier absorption.

Instead, the InP spectra are very similar in both wavelength dependence and

magnitude to the free-carrier absorption spectra observed for p-type GaP by

Wiley and DiDomenico.12 These authors showed theoretically that the special

characteristics of the GaP spectra can be attributed to the unusually low

spin-orbit splitting in GaP, which is only 0.082 eV. 13 According to their

analysis, the absorption of p-type GaP over the wavelength range from 2 Urn to

the onset of strong lattice absorption at -12 t.am arises from two free-carrier

contributions: a weakly structured intervalence-band absorption that

generally increases with X, and a smaller intraband absorption that varies as

X1.7. By adjusting the magnitudes of these contributions, they were able to

obtain quite a good fit to the experimental data, which are approximated by

two straight lines (although these lines have no direct physical

significance). Since the spin-orbit splitting in InP is also very

low -- 0.108 eV (Ref. 8) -- it is very probable that the same explanation is

applicable in this case.
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